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Preface 


In 1975 there was little excitement in discrete silicon field- 
effect transistors (FETs). At best the market was considered 
to be "mature." ‘The few manufucturers who maintained a 
presence in the field found their market share growing only as 
competitors dropped out. 

On the surface, the discrete FET appeared to be sliding into 
obscurity simply because few graduating engineers who were 
entering industry had studied the technology; hence, because 
of thei: luck of familiarity, they were unaware of its potential. 

If we had reviewed the commercially available discrete FET 
technology of that day (remembering that we are focusing on 
discrete silicon FETs, not gallium arsenide FETs), we would 
have fourid the junction FET (JFET) and two types of MOSFET— 
the classic planar type and a newer type of metal-oxide semi- 
conductor called double-diffused, or DMOS. All three were 
small-signal devices available either as n-type or p-type. 

Despite the lack of excitement in small-signal FETs, there 
were, nonetheless, certain basic advantages inherent within the 
technology that needed to be exploited. Among those that we 
examine in depth in this book are the high-speed switchiny char: 
acteristics, the linear transfer characteristic that offers oppor 
tunities for low distortion, and the high input, or gate, impe 
dance. None of these desirable traits is possibJe with the ubig 
uitous bipolar transistor. | 

Indeed, those working in the small-signal arena didn't np 
preciate what they were missing becnuse of their wnfniaitlanity 
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with FETs. And those working in the large-signal, or power 
field—using bipolar technology—had no realization of what lay 
ahead. 

In late 1976, October to be exact, the FET burst into prom- 
inence that today is eclipsing that of the heretofore ubiquitous 
bipolar transistor! The power MOSFET was commercially intro- 
duced. Within four years of that historic date, at least a dozen 
semiconductor firms were offering MOSPOWER field-effect tran- 
sistors. 

Never has a discrete semiconductor grown in both popularity 
and application as quickly as the power MOSFET. Additionally, 
never has the semiconductor industry seen the spawning of so 
many new technologies based on the fundamentals of the power 
MOSFET. Whereas in 1975 the silicon FET was considered a 
mature industry with no foreseeable growth, today the silicon 
power FET is poised to leap well beyond whatever had been en- 
visioned for the bipolar transistor market. 

Because of the exploding popularity of all FETs and the un- 
fortunate lack of understanding of FET principles, FET terminol- 
ogy, or FET applications, this text offers an easy-to-under- 
stand primer that should help broaden the reader's knowledge 
of this exciting technology. 

The material in the text originated from class notes that I 
used in teaching at Siliconix. Some of the participants in my 
class were engineers, but many were not. I learned some years 
ago that when you need to understand a complex subject, a 
children's encyclopedia, where simple explanations abound, is a 
good place to start. Given the disparate identities among my 
students, offering simple phenomenological explanations was a 
welcome relief to all. 

Consequently, I have purposely refrained from mathematical 
derivations to create models. Instead I have tried to create 
word pictures, a phenomenological understanding of how FETs 
work—a style that, hopefully, will benefit everyone. 

I have relied extensively on equations to define certain 
principles, but, to keep it simple, 1 offer no derivations. The 
reader must either accept the equations by faith or dig else- 
where for proof. Opportunity to dig is provided in the refer- 
ences that conclude each chapter. 

This book takes a broad-brush sweep across every type of 
FET and MOS-insulated- gate transistor popular at the time of 
this writing. The object of this book is threefold: (1) to pro- 
vide the reader with some insights into the many styles of FET 
being used, (2) to offer a rudimentary understanding of their 
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operation and performance, and (3) to explain the complex 
terminology familiar among professionals, that defines the 
various FET parameters. To achieve these goals ! give only a 
superficial analysis of their operation. Don't seek for depth, 
you won't find it here. 

Additionally, I tried to explain the many symbols, character- 
istics, and parameters found on the typical data sheet: what 
they mean and how they interact. 

Similarly, in Chapters 8, 9, and 10, it is now impossible to be 
thorough; there are simply too many diverse applications. My 
intent is to provide the reader with an appreciation of how and 
where FETs are used. 

I hope that my attempt to fulfill these goals will rended some 
comfort to the reader who labors surrounded by a company of 
experts. 

This book could not have reached you had it not been for 
the support of my family, and in particular, my wife Carol, who, 
having once again seen me sequestered in my office, graciously 
left me to "do my thing.” Furthermore, my heartfelt thanks go 
to many of my engineering associates at Siliconix who gave in- 
valuable support when asked. I am especially indebted to two 
colleagues: Richard Williams, who carefully and critically proofed 
the manuscript, offering many excellent suggestions, and Robin 
Chirico, who patiently taught me how to use the INTERLEAF* 
computer, which I employed to create the graphics throughout 
this book. But, this is my book; if you have any criticism, aim 
it at me. 


Edwin S. Oxner 


*INTERLEAF is the registered trade mark of Interleaf Corpora- 
tion, Cambridge, Massachusetts. 
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FET Technology and Application 


Identifying the Family of FETs 


1.1 Introduction 


This chapter introduces the reader to all the field-effect tran- 
sistors, or FETs, that we cover in this book; in addition, it 
offers a rudimentary, phenomenological understanding of how 
FETs operate. 

Despite the plethora of both small-signal and power FETs, 
there are only two basic modes of operation. These operational 
modes are culled the depletion mode and the enhancement mode. 

Depletion-mode FETs are those whose drain current is re- 
duced, or depleted, by the application of a gate potential whose 
polarity is opposite that of the drain voltage. Conversely, the 
enhancement-mode FET offers an increasing drain current when 
the polarity of the gate potential matches that of the drain voalt- 
age. 

Within the family of FETs, shown in Figure 1.1, we have two 
major classifications: the junction FET, more commonly called 
the JFET, and the metal-oxide-semiconductor field-effect tran- 
sistor, more commonly called a MOSFET. The JFET is classified 
as a depletion-mode FET, whereas the MOSFET can be designed 
to operate as either a depletion-mode or an enhancement-mode 
FET. 

We could continue to embellish Figure 1.1, showing the many 
variants possible with both JFETs and MOSFETs, but we will not. 
Instead, this chapter offers brief descriptions and identifies 
where each best fits into the classification. 
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Figure 1.1 The family of FETs showing the two major classifica- 


tions, Note that a JFET cannot operate in the enhancement 
region. 


Before we continue, we need to be aware that a depletion- 
mode MOSFET aan frequently act and perform as an enhancement- 
mode MOSFET, but the enhancement-mode MOSFET cannot oper- 


ate as a depletion-mode MOSFET. 

There ara several semiconductor materials suitable for the 
manufacture of FETs. For example, silicon, germanium, and 
gallium arsenide have been, or are being used. This text con- 
siders only FETs manufactured from silicon. No FETs are made 
using germanium, 


1.2 Small-Signal JFETs 


The basic operating principle of depletion-mode JFETs may be 
easily understood if we first review how the depletion fields are 
manipulated in a p-n diode. 


1.2.1 Principles of p-n Diode Operation 


The simple p-n junction diode, depicted in Figure 1.2, consists 
of a reasonably abrupt transition from p- to n-type semiconduc- 
tor. This transition is brought about, to a great extent by the 
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Figure 1.2 The simple pn junction showing the potential-barrier 
(depletion) region resulting from the interactions of electron and 
holes immediately adjacent to the interface. 


nature of the doping process as well as by the procedure used 
in fabrication. The p-region, called the acceptor, may be boron- 
doped semiconductor, whereas the n-region, called the donor, 
may be either arsenic or phosphorus-doped semiconductor. 

In the p-region we have a lack of free electrons, whereas in 
the n-region there is an abundance. If we were to consider the 
valence of the boron-doped (p) silicon atom, we would notice that 
electrons are missing from the outer shell. We identify the lo- 
cations at which no electrons exist in the outer orbit as holes. 
Conversely, an arsenic or phosphorus-doped (n) silicon atom has 
an excess of free electrons. 

Immediately about the p-n interface of the junction diode the 
free electrons in the n-region jump the transition, filling the 
available holes in the p-region. The resulting regions in the 
immediate proximity of the interface become depleted of free 
carriers. The p-region is depleted of hole carriers; the n- 
region, depleted of electron carriers. This region bordering 
the p-n interface is identified as the depletion region. This 
n-to-p barrier "jumping" does not continue indefinitely, or until 
no free electron carriers exist. A counteracting electric field, 
called the Fermi level, quickly brings the reaction into equilib- 
rium, halting further excursions of n-electrons into the p-region. 


The Depletion Region 


Carriers generally do not move across or through depletion 
regions. As the name implies, a depletion region is depleted of 
carriers (whether the carriers be electrons [n] or holes [p] 
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necessary for conduction). How,these depletion regions are 
manipulated in the p-n diode forms the substance of how a JFET 
operates. 

At the p-n interface this potential-energy barrier or deple- 
tion region exists in both the p- and n-doped regions. The ex- 
tent of the depletion region is dependent on the concentration of 
holes within the p-region as well as electrons within the n-region. 
Where the lesser concentration is, we will find the greater de- 
pletion aren. Consequently, we find that the depletion ratio 
across the p-n interface is a function of the ratio of the doping 
densities. 

For the typical p-n silicon diode this potential-energy barrier 
amounts to approximately 0.6 V. This means that to force car- 
riers to jump the gap, we need to impress at least 0.6 of a volt 
(Vpi) of forward bias across the pn junction (viz., + on the p, 
or anode; — on the n, or cathode). 


1.2.2 The Analogy to JFET Performance 


All JFETs base their operation on the movement of the depletion 
field. 

What happens if we apply a4 potential across the p-n diode in 
such a manner as to reverse-bias the junction? Remembering 
that like charges repel and unlike charges attract, we would ex- 
pect all free carriers, whether they be holes (acting as positive 
charges) or electrons (which are negative charges), to be in- 
fluenced according to this fundamental law. That is, negative 
charges would be attracted to a positive potential; positive 
charges to a negative potential. The result would be a greatly 
enlarged depletion region, as shown in Figure 1.3. 

This depletion width may be calculated using a derivative of 
Poisson's equation. 


ce Vv Da 
ee 
We iN (1.1) 
: le 
where 
Vpyi = "built-in" junction potential 


Vos = applied bias 
K, = constant 
Ne = carrier concentration 
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Figure 1.3 The simple pn junction showing the expanded deple- 
tion region caused by reverse bias. 


We can now merge our visualization of the p-n diode with that 
of the JFET by placing two electrodes across either the n-doped 
(for an n-channel JFET) or p-doped (for a p-channel JFET) 
region as shown in Figure 1.4, 

Current conduction between these two electrodes, which we 
may interchangeably call "source" and "drain," is uninhibited 
aside from the resistivity of the channel of doped silicon. 

In a JFET the channel conductance is decreased as we increase 
the width of the depletion region, which immediately suggests 
that Vqg has direct control over channel conductance and thus 
over channel current. The effect of gate bias (Vos) is shown 
in Figure 1.5a. 

Before we continue, we need to remember that we control a 
JFET with a reverse gate-bins potential. If we were to forward 
bias the gate beyond the natural potential-energy barrier voltage, 
we would see a marked and sudden increase in gate current, as 
shown in Figure 1.5b. 
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Source 


Drain 


Source 


n-channel 
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Figure 1.4 The rudimentary p-channe! (a) and n-channel (b) 
JFET. The pn junction of the simple diode becomes the gate- 
channel junction of the JFET. Reverse gate bias depletes the 
channel, restricting current flow. 


1.3 Smat!-Signal MOSFETs 


Likewise, we can gain an appreciation of the operation of a 
MOSFET bv reviewing how charges are distributed on a capacitor 
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Figure 1.5 (a) The transfer characteristics, showing the effect 
of gate-source bias on drain (or channel) current. (b) A for- 
ward-biased pn junction passes unlimited gate current once the 
potential barrier has been overcome (~0.6 V). 


1.3.1 The MOS Capacitor 
MOSFETs differ from junction FETs (JFETs) not only in per- 


formance but in design, as shown in Figure 1.6. Although the 
MOSFET performs similarly to the JEFT, it operates on a some- 
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Source 


JUNCTION FET 


Source 


MOSFET 


Figure 1.6 Comparison of the JFET and the enhancement-mode 
MOSFET. Note that the MOSFET does not have a diffused gate. 
Current conduction between source and drain is inhibited by the 
np/pn junctions. 


what different principle. Where the JFET has a diffused gate 
embedded in the silicon channel, which, in normal operation ap- 
pears as a reverse-biased pn junction diode, the MOSFET gate 
is electrically isolated from the channel. A MOS capacitor exists 
whose two plates are the gate and the silicon region beneath the 
insulating gate oxide, the dielectric generally being silicon diox- 
ide. For the MOSFET, the depletion regions are induced by 
capacitor action (see Figure 1.7). Whatever charge is placed 

on one plate (gate) induces an equal and opposite charge on the 
opposing plate (channel). 
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Figure 1.7 The MOS capacitor consists of the pate electrode, 
the oxide (insulator), and the semiconductor (a). The electrical 
analog is the simple capacitor. Note that equal and opposite 
charges rest on the two plates (b). 


1.3.2 The Analogy to the MOSFET 


One plate of our capacitor is the MOSFET gate, the silicon diox- 
ide being the dielectric and the opposing "plate" the doped silicon 
of the FET itself. Figure 1.8 provides a rudimentary cross-sec- 
tion of an n-channel, enhancement-mode MOSFET. In this view 
we have a p-doped silicon substrate into which have been dif- 
fused two n-doped wells. The nt merely suggests a more heav- 
ily doped semiconductor than n (which, in turn, is more heavily 
doped than n ). 

A positive charge on the gate will attract the electrons resi- 
dent in the p-substrate to accumulate beneath the gate oxide, 
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ENHANCEMENT MODE 


Figure 1.8 The basic enhancement-mode MOSFET with a positive 
gate-source bias to effect what is called inversion. As the gate 
potential rises, more electrons will be attracted beneath the gate 
oxide, and a conducting channel will bridge from source to 
drain. 


The amount of charge, reflected as a potential, on the gate will 
control the density of the accumulated electrons. 

The accumulation of electrons acts like an n-type surface 
layer superimposed on a p-doped substrate. What we have, as 
@ result of the accumulation of (n) electrons, is now called in- 
version. That is, what was formerly p (hole) dominant is now 
n (electron) dominant. 

At this point we witness a continuous n-path extending from 
source to drain. Current is free to pass between the terminals. 
The depletion-mode MOSFET, shown in Figure 1.9, differs 

from the enhancement-mode MOSFET by the addition of a con- 
ducting channel spanning from the source diffusion to the drain 
diffusion allowing for the free flow of current. 

Remembering that this mode of FET operates with a gate volt- 
age whose polarity opposes that of the drain, we place a nega- 
tive voltage on the gate. As we build up a negative potential 
on the gate, positive charges accumulate within the channel 
beneath the gate oxide, and a depletion region spreads across 
the channel, cutting off the flow of current. 

However, there is one unique aspect of the depletion-mode 
MOSFET. If we reverse the polarity of the gate potential, 
changing to positive what we show in this example of an n-chan- 
nel MOSFET as negative, rather than accumulate positive charges 
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DEPLETION MODE 


Figure 1.9 The depletion-mode MOSFET contains a conducting 
channel when no gate bias is applied. Operation of this style 
closely follows that of the JFET, where a reverse-biased gate 
voltage depletes the channel. 


beneath the gate oxide, we will further enhance the n-doped 
channel. The result is that our depletion-mode MOSFET may 
also operate as an enhancement-mode MOSFET! Figure 1.10 
offers the transfer characteristics of both the depletion-mode 
and enhancement-mode MOSFETs. That we cannot reverse the 
performance of the enhancement-mode MOSFET-—-to take on deple- 
tion-mode characteristics—should be clear as we study Figure 
1.10. 

The MOSFET we have just described, developed both as an 
n-type as well as a p-type, made possible the opportunity for 
monolithic complementary pairs, called CMOS (complementary 
metal-oxide-semiconductor), 


1.4 Smali-Signal, Double-Diffused MOSFETs 
(DMOSFETs) 


Although the MOSFET was a major step in the evolution of ma- 
jority-carrier transistors, the present design, understandably, 
did not offer the performance that had been predicted. The 
shortcoming that prevented this, hoped-for performance was the 
size of the channe! beneath the gate. Because of basic limita- 
tions in production-oriented photolithographic techniques (mask- 
ing), a channel approximately 7.5 micrometers wide and 5 micro- 
meters long was about the limit. To achieve both faster switeh- 
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Figure 1.10 Transfer characteristics of the depletion-mode (a) 
and enhancement-mode (b) MOSFETs. 


ing and higher frequency response, as had been earlier predic- 
ted, the channel length would have to be reduced to close to 1 
micrometer. 


1.4.1 Physical Differences of DMOS 


The solution to achieving short channel lengths was found to be 
possible by a double diffusion within the same masking operation. 
For an n-channel DMOS, the first step was the diffusion of p- 
type material into which was then diffused an n-type dopant. 

Figure 1.1la provides a rudimentary cross-section of these two 
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Figure 1.1! A rudimentary cross-sectional view of the small- 
signal, double-diffused MOSFET, showing two manufacturing 
procedures. (a) The p”™ channel is diffused first, followed by 
the diffusion of both the source and drain (n*) diffusions. 

(b) A deep n° diffusion into the p~ epitaxy is followed by both 
source and drain (n*) diffusions. Most manufacturers follow 
the first procedure. 


subsequent diffusions with a single mask. By careful control 
of the dopants used for both the p and n diffusions as well as 
of the time and temperature used in the processing, we are able 
to achieve precise channel lengths as short as a micrometer! 

An alternate method would be to first grow an n= epitaxy on 
a p-doped wafer and, when diffusing the p-type material, have 
it penetrate through the epitaxy into the p-substrate. Then 
proceed as before with the second diffusion (of n-type dopant) 
into the existing p-doped well. This is shown in Figure 1.11b. 

The short channel provided additional benefits, itemized 
below: 
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Figure 1.12 An equivalent circuit showing how channel resistanc 
contributes to degeneration, accompanied by plot of g,, (forward 
transconductance: see Section 3.3.4) versus Vag (gate-source 
voltage). 


Greatly diminished degeneration (see Figure 1.12) 
Improved forward transconductance 

Reduced ON-resistance 

. Reduced parasitic capacitances 


mW Ww ee 


There were two additional shortcomings of the basic MOSFET 
design that we ware able to overcome using the DMOS technology 
These were: 


1. A too-low avalanche breakdown between drain and source/ 
gate 

2. Punchthrough of the drain-depletion region to the source 
(see Figure 1.13) 
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Figure 1.13 The breakdown phenomenon known as "punchthrough" 
is greatly affected by the epitaxy doping concentration. 


To overcome these two shortcomings, a lightly doped n~-region 
extends from the n*-doped drain diffusion out to the p-doped 
channel. This n° "drift region,” although allowing for higher 
drain potentials, does contribute to an effect known as transit 
time, which may limit high-frequency performance. 

The early production DMOSFETs were fabricated using a de- 
posited metal gate. Later some manufacturers replaced the metal 
gate with a polysilicon gate, which was believed to offer greater 
stability and reliability but at the expense of performance at 
ultrahigh frequencies. 


1.5 Large-Signal, Static-Induction Transistors 


There were fundamental problems associated with the gmall-aignal 
IERT that made it nearlv impossible to control heavy currents or 
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high voltages. Certainly the classic planar JFET appeared des- 
tined to remain a low-power transistor, despite many vain at- 
tempts to resolve the problem. Simply by increasing the size of 
the geometry to achieve greater current-handling ability was 
destined to failure, for as size increased, the ratio of transcon- 
ductance to capacitance decreased. AS a consequence, the figure 
of merit plummeted. In a successful design, the ratio would 
have to increase. That is, we would wish for an increased fig- 
ure of merit. An additional and far more serious problem was 
that as the semiconductor chip grew in size to accommodate the 
increased current, the yield (the number of electrically good 
dies per wafer) dropped. 


1.5.1 Physical Comparison to the JFET 


A dramatic change in the philosophy of FET design occurred 
when Wegener proposed a cylindrical JFET based on Poisson's 
equations that showed a marked improvement in the saturation 
drain current at low pinch-off voltages. The comparison shown 
in Figure 1.14 between the classical and the cylindrical JFET is 


____.___. Gg z0v¥ 
loss 
Cylindrical Classical 
(JFET) 
Vp (BMOS) Vp (FET) 


Figure 1.14 Comparison of the performance of the classic JFET 
with that of the cylindrical JFET propsed by Wegener. Note the 
dramatic improvement (lowering) of V, and rpgcon) [slope] for 
the cylindrical JFET. 
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Source Buried Gatas 





Figure 1.15 Zuleeg's "MUCHFET" (multichannel FET). Note 
that the drain is on the underside of the chip. 


striking. Soon after, both Teszner and Zuleeg offered designs 
of what became known as the analog transistor, using the cy- 
lindrical concept. This transistor was a JFET that could handle 
high currents. A simplified cross-sectional view was offered in 
Figure 1.15. 

Shortly thereafter, Nishizawa introduced the static-induction 
transistor (SIT) shown in Figure 1.16, which is indistinguish- 
able from the analog device shown in Figure 1.15. 

There are at least three principal advantages of both the 
analog and static-induction transistors. These are: 


1. The extremely high channel conductance, which greatly di- 
minished the degeneration effect—the Achilles’ heel of the 
classic small-signal JFET (refer to Figure 1.12) 

2. The capability of withstanding high voltages 

3. The ability to operate at very high frequencies, possibly 
into the microwave region 


1.6 Large-Signal (Power) MOSFETs 


Although the small-signal DMOSFET that evolved was far superior 
to the earlier MOS design, nonetheless it was unable to support 
the very high voltages that are expected in heavy industrial 
applications. Additionally, if heavy currents were to be con- 
trolled, a more efficient topology was mandatory, if for no other 
reason than to maintain a reasonable chip size with useful ylelds. 
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Figure 1.16 Nishizawa's static-induction transistor. Note the 
similarity to Zuleeg's MUCHFET (Figure 1.15). 


We could not afford a top drain contact on the surface of the 
semiconductor die. 


1.6.1 Physical Differences of Power MOSFETs 


Hitachi of Japan introduced the first vertical power MOSFET in 
1969, but it was not until Ragle perfected the concept at Silicon- 
ix in 1976 that the power MOSFET became practical for commer- 
cial use. A major deviation from the small-signal DMOS concept 
(Figure 1.11) was the placing of the drain terminal on the under 
side of the semiconductor. Throughout this book we refer to the 
vertical power MOSFET using the acronym DMOSFET. 


1.6.2> The V-Groove MOSFET 


However, the early power MOSFETs that were developed by Ragle 
in the United States differed dramatically from those in general 
use today. Rather than having a polysilicon gate located later- 
ally on the surface of the structure, a V-groove was anisotropic- 
ally etched through the double diffusion (power MOSFETs, 
whether V-groove or planar are DMOS). An oxide layer was 
grown across the surface and into the V-groove, and aluminum 
was carefully deposited with the aid of masks, to provide a 
source contact as well as a gate. A detailed cross-section is 
shown in Figure 1.17a. Unfortunately, the sharp radius of 
curvature of the V-groove resulted in premature breakdown. Toa 
offset this, the truncated V-groove (Figure 1.17b) evolved. 
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Figure 1.17 (a) Cross-sectional view of the first commercially 
available power DMOSFET, Note the sharp V-groove, which was 
later found to limit the breakdown voltage. The VMOSFET is a 
vertical structure with drain on the underside of the chip. The 
parasitic npn bipolar transistor is muted by source metal bridg- 
ing from the n* (the pseudo-emitter) to the p (the pseudo-base). 
(b) Cross-section of the truncated VMOSFET, where the flat 
bottom offered a much-improved high-voltage capability. Despite 
the advantages in high-frequency performance, the problems en-~- 
countered in manufacture soon discouraged its use for low-fre- 
quency power applications. Note the similar n*-to-p bridge to 
mute the parasitic npn bipolar transistor. 


1.6.3 The Lateral Geometry Power DMOSFET 


When the Japanese introduced their commercial product, much of 
the world was surprised to discbver that it was incompatible with 
the power DMOSFETs available elsewhere. The pin-out of the 
package was different. Why? - 
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Whereas most power DMOSFETs were fabricated with the 
drain contact on the underside of the semiconductor chip, the 
Japanese fabricated their devices with the drain contact on the 
surface of the semiconductor. This resulted in one favorable 
attribute: it allowed packaging of the transistor in the classic 
TO-3 metal can with the case at ground potential. Other than 
this singular advantage, the fact that no second source was 
available limited the sale of the Japanese DMOSFETs. Among 
the faults of this design concept was the inability to produce 
dense geometries capable of withstanding high currents and high 
standoff voltages. 


1.6.4 The Vertical Geometry 


The modern-day power DMOSFET still sports a vertical concept 
in that the drain remains beneath the semiconductor (the Japan- 
ese are now offering a similar product). However, the evolu- 
tionary process since the original V-groove power MOSFET has 
brought about some radical changes, not only in the cross-sec- 
tion but in topology as well. Figure 1.18 offers a typical cross- 
sectional view of today's power DMOSFET. Although manufac- 
turers tend to choose their own topologies, there have been 
published studies comparing geometries for optimum performance. 
The results of one such study are shown in Figure 1.19. 


Source Gate Source 





epitaxy 


Drain 





Figure 1.18 A cross-sectional view of today's modern n-channel 
enhancement-mode power MOSFET. Note the similar means where- 
by the parasitic bipolar device is muted with a bridge across 
source to body. 
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Figure 1.19 The many topologies that are used by various ven- 
dors of power MOSFETs. 


1.7. Large-Signal, Insulated-Gate Bipolar 
Transistors : 


The power DMOSFET was not a panacea for heavy industry. To 
date (1987) it has proved impractical for high-voltage, high- 
current application, where both features were needed simul- 
taneously. 

In the early 1980s General Electric introduced the "IGT"—the 
insulated-gate transistor—an unusual power transistor exhibiting 
a MOSFET input and a bipolar transistor output. [General Elec- 
tric, and the industry at large, has renamed the device the 
“insulated-gate bipolar transistor," which more closely identifies 
its operation. In this text we will use the corresponding acro- 
nym: IGBT.]) 


1.7.1 Physical Differences Between the 
IGBT and the MOSFET 


A cross-sectional view of an IGBT is presented in Figure 1.20. 
Several advantages were achieved by this novel cascade construc 
tion, not the least of which is the tremendous increase in cur- 
rent-handling capacity (shown in Figure 1.21). The greatest 
boost the IGBT offers is the capability to control massive power 
levels, greater even than those possible with a bipolar junction 
transistor, in voltage as well as simultaneously in current, with 
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Figure 1.20 The insulated-gate bipolar transistor looks very 
much like the power MOSFET, but take a careful look at the 
substrate! Unlike DMOS, the IGBT has another pn junction 
(substrate-epitaxy). 
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the ease popularized by the power MOSFET—through a high- 
impedance gate electrode. 

Applications needing the high-voltage, high-power capabilities 
of the IGBT must contend with its bipolar turn-OFF characteris- 
tics. Attempting faster turn-OFF by manipulating the gate may 
lead to a catastrophic SCR-type latch-up condition. 

Yet, many profess that quite possibly the only real benefit 
afforded by the IGBT is to provide a less expensive power tran- 
sistor than the comparable power DMOSFET—if, indeed, a power 
DMOSFET of comparable capacity can be built. 

To allay any hopes that the IGBT might supersede the power 
DMOSFET at low voltages, we need only recognize the p-n inter- 
face within the substrate/epitaxy, which, at best, forces a diode 
drop at any current. Consequently, as the current rises, this 
diode drop contributes to increasing the apparent 'DS(on) of 
the IGBT. The net effect results in a dramatic increase in the 
saturation voltage Vcgcsat)- At competitive voltages, power 
DMOSFETs, with their lower saturation voltage Vpg(on) can 
easily outperform the IGBT both in current and in power. 
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Figure 1.21 Comparison of the relative current capability of an 
equal area geometry bipolar transistor, a power DMOSFET, and 

the IGBT. Note that the IGBT shows a distinct advantage only 
at higher currents; the disadvantage lies in the higher forward 

voltage drop (saturation voltage) at low conduction current den- 
sities. 


1.8 Other MOS-Gated Structures 


Thyristors that can be turned ON as well as OFF by the applica- 
tion of a gate drive are called "gate turn-OFF thyristors," or 
GTOs. Operationally, they differ radically from FETs; conse- 
quently they are not discussed in this book. They are not 
majority-carrier transistors as are JFETs and MOSFETs, nor do 
they operate like the IGBT (that is, ON like a FET, OFF like a 
bipolar transistor). . 
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A new product that at the time of this writing has not re- 
ceived wide acclaim is the MOS-gated GTO. This structure, 
however, suffers in that, generally, it requires two gates: one 
to turn ON, the other to turn the GTO OFF. A newer product 
currently in development is the MOS-controlled thyristor, or 
MCT. Whereas the IGBT appears to offer superior performance 
(compared to the power DMOSFET), ranging from 500 to 1200 V 
at currents upward of 50 A, the MCT, hopefully, will encourage 
performance beyond 1200 V and 50 A. 


References 


"Japanese Take Two Steps Forward in MOS-Bipolar Compatibility," 
Electronics, 42 (Oct. 13, 1969), 207-208. 


Oxner, Edwin (1982). Power FETs and Their Applications, 
Prentice-Hall, Englewood Cliffs, Nd. 


Stoisiek, Michael, and Theis, Dietmar (1987). "Turn-On Prin- 
ciples of the MOS-GTO," IEEE Transactions on Power Elec- 
tronics, PE-2: 362-366. 


van der Kooi, Marvin, and Ragle, Larry (1976). "MOS Moves 
into Higher Power Applications," Electronics, 49: 98-103. 


2 
How They Work 


In a Layman’s Language 


2.1 Introduction 


We devote this chapter to an in-depth study of how each of the 
devices works. Although in Chapter 1 we touched on the per- 
formance mechanics of gated structures of different types, our 
intent was to identify structural differences rather than to con- 
centrate on the details of operation, as we do in this chapter. 
In keeping with our original intent to make this text understand- 
able to a wide readership, we continue to describe the details of 
operation phenomenologically, in other words, in a manner that 
offers an intuitive sense of how they work. We assume the 
reader to have some understanding of semiconductor physics as 
well as electronic circuits. References given at the conclusion 
of this chapter, as with other chapters, guide the reader to 
literature that offers a more technical description of how differ- 
ent gated structures work. 

FETs are field-effect transistors; as the generic name implies, 
they operate on the principle of the electrical manipulation of 
fields. In all cases this field manipulation is under the control 
of the gate, which, in turn, acts on the conduction of carriers 
in a semiconductor channel. Furthermore, because they do not 
operate on the principle of minority-carrior injection, as does 
the bipolar transistor, FETs are noted as being majority-carrier 
transistors. 


26 Chapter 2 
2.2 Small-Signal JFETs 


We add to our intuitive understanding of JFET operation by 
imagining a bar of n-doped semiconductor placed in a current 
loop. That is, having an impressed voltage across the terminals 
of the semiconductor, a current flows whose magnitude depends 
on such factors as this impressed voltage and the resistance of 
the semiconductor. The latter depends, among other things, on 
the doping concentration, the length, and the cross-sectional 
area of the semiconductor. 

As users of this JFET, we generally have the option to 
modify the applied voltage but certainly we cannot opt to change 
either the dopant, its concentration, or the physical construc- 
tion of the semiconductor. To control this current flow we have 
but two options: alter the applied voltage, or alter the channel 
resistance. The former, although certainly possible, is generally 
neither practical, nor desirable, leaving alteration of the channel 
resistance as our only option. 

The gate terminal remains our only viable control. What we 
wish of the JFET we must obtain by the manipulation of gate bias. 
The effective control of channel current demands control over 
the depletion fields within the channel. This we learned in 
Chapter 1. 

Our concept of depletion, as gained from Chapter 1, is in- 
complete because we did not consider the contribution of the 
drain potential. Heretofore, we presumed the drain potential 
to be 0 V; but seldom do we operate a JFET with near-zero 
drain voltages, except possibly as a voltage-controlled resistor 
(VCR). 

A more complete understanding of how applied voltages affect 
the depletion regions is offered in Figure 2.1. In Chapter 1 we 
learned how the gate-to-source voltage affects the depletion re- 
gions. Here, we identify the effect of the drain-to-source volt- 
age Vng-. As we initiate an increased Vpg, two events occur: 


1. The drain current increases. 

2. The space-charge width (depletion region) in close proximity 
to the drain terminal expands, decreasing the channel con- 
ductance. 


As we continue increasing Vps, the channel conductance con- 
tinues to decrease until the drain current reaches a state of 
equilibrium at which, with further increases in drain voltage, we 
see no increase in drain current. This point of equilibrium, or 
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Yoo = 9 





Figure 2.1 Channel depletion versus drain-source voltage. 


saturation, is termed the drain saturation current, Ipgs. and 
the drain-source voltage at which it occurs is called the pinch- 
off voltage, V 

If the channel is long compared to its width, the absolute 
value of V,, is approximately ‘equal to the absolute value of the 
gate cutoff voltage Vas(off): or, 


(2,1) 


ny = I Vescort) | 
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Should the channel be short compared to either its width or 
its thickness, the absolute value of V,, may differ from the gate 
cutoff voltage by as much as 1.6 times! 

These short-channel FETs experience an effect known as 
velocity saturation. This phenomenon is more fully explained 
in Section 2.4. A common misconception is that all FETs operat- 
ing in their saturation region are in velocity saturation. 

The concept of "pinch-off" tends to be confusing since, in 
actual operation, the channel current is not pinched off. Chan- 
nel current is truly pinched off only when the drain current is 
zero. Under the conditions described here, this is not the 
case. Here the channel current remains finite, hence at V,. we 
have remaining a thin conducting region consisting of a very 
high current density and an intense electric field. 

As the JFET approaches the condition of drain-current satura- 
tion two events occur. 

1. AS Vpg rises, the drain current also rises rapidly, for 
in this pre-pinch-off region the JFET is considered to be operat- 
ing in its triode state. 

2. AS Vpg rises, the depletion region in proximity to the 
drain enlarges, which, in turn, decreases the incremental chan- 
nel conductance, 

Not until we pass pinch-off does the conductance tend to 
reach its lowest value. Were we to examine the output character- 
istics, we would generate a series of curves similar to those 
shown in Figure 2.2. 

Careful study of Figure 2.2 identifies a special relationship 
between Vag and In. As the gate becomes more negative, with 
respect to the source, the saturated drain current I, decreases 
and the value of Vp also decreases by the approximate magni- 
tude of Vos! 

To obtain a better understanding of FET operation, we necd 
to examine Shockley's equation, which describes the operation of 
the simple long-channel JFET: 


Ves i 
I a | E = (5 (2.2) 
p ~ 'pss ers 


This equation shows that when our gate bias Vqs, is equal 
to Vas(off): the drain current Ip is zero. On the other hand 
when Vqsg is zero (0 V), Ip is equal to the saturation drain 
current Ingg- 
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Figure 2,2 Output characteristics of a depletion-mode, n-chan- 
nel FET. Pinch-off locus of Vpg identifies where Ip saturates 
at each bias level. 


2.3 Smaltl-Signal MOSFETs 


As we learned in Chapter 1, the MOSFET differs from the JFET 
in that the former may be operated in the enhancement mode as 
well as in the depletion mode. Furthermore, we saw that 
MOSFETs can be constructed solely as enhancement-mode de- 
vices. Unlike the JFET, the gate can accept potentials of either 
polarity, generally without harm to the device. We should take 
note, however, of two potential constraints. 

1. The oxide becomes the gate insulator, which limits the 
magnitude of gate voltage. Should a rupture occur, caused by 
excessive gate voltage exceeding the dielectric breakdown of 
the gate oxide (for SiO», approximately 6 x 108 Viem), the 
gate structure and thus the MOSFET are invariably destroyed. 

2. Small-signal MOSFETs exhibit low input, or gate, capaci- 
tances. To ensure the safety of the gate, some MOSFETs have 
zener diode clamps to thwart any static potentials from building 
on the high-impedance gate structure. 
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Consequently, gate voltage constrains often exist for most 
small-signal MOSFETs. 

Aside from the basic operational differences in gate control, 
the single-gate MOSFET, unlike the three-terminal JFET, is a 
four-terminal device. The fourth terminal—the substrate—is 
often shorted to the source. 


2.3.1 The Depletion-Mode MOSFET 


Operating similarly to the JFET, the depletion-mode MOSFET 
likewise exhibits a drain-current saturation characteristic but 
with a notable difference. The drain saturation current Ings, 
can be exceeded by "forward" biasing the gate. Whereas with 
the JFET this results in forward gate-diode conduction, with the 
depletion-mode, insulated-gate MOSFET, operation slips into the 
enhancement mode. Figure 2.3 is a classic illustration of this 
dual role for the small-signal, depletion-mode MOSFET. The 
limit of enhancement depends solely on the dissipation of the 
package. If the gate is zener-protected, however, forward 
biasing may not be possible, thus limiting enhancement. 
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Figure 2.3 Output characteristics of a depletion-mode, n- 
channel MOSFET "enhanced" by the application of positive gate 
bias. 
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Because we are able to bias a depletion-mode MOSFET to per- 
form like an enhancement-mode MOSFET, we are again reminded 
of how like and unlike charges behave. A depletion-mode 
MOSFET, shown earlier in Figure 1.9, possesses a channel span- 
ning between source and drain. When a positive potential is 
impressed upon the gate, a corresponding charge of electrons is 
attracted to the channel causing (in the p-doped substrate) an 
inversion layer immediately adjacent to the diffused channel. In 
combination with the existing channel, this inversion layer 
bridges across from source to drain, contributing to raising the 
conduction properties of the MOSFET. Figure 2.4 is a simplified 
schematic diagram portraying these events. 


Depletion 
region 


Depletion 
region 





Figure 2.4 (a) Depletion region of a depletion-mode, n-channel 
MOSFET with zero gate bias. (b) Enhanced channel of same 
MOSFET with gate forward biased. 
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Within the family of smallasignal, depletion-mode MOSFETs, 
if we examine what is commonly used in many ultra-high-fre- 
quency receivers, notably TV, we find the familiar dual-gate 
MOSFET. This MOSFET is essentially a monolithic pair of 
MOSFETs in cascade. The principal advantage of this cascade- 
connected pair is that it provides a tenfold increase in the gain- 
bandwidth product, because of the similar tenfold decrease in 
feedback capacitance. 

This reduction of feedback capacitance results from the 
heavy loading, by virtue of the low rpg of the second MOSFET, 
of the first (MOSFET) stage of amplification in combination with 
the RF-grounded gate of the second MOSFET. 


2.3.2 The Enhancement-Mode MOSFET 


The enhancement-mode MOSFET is normally OFF when no gate 
potential exists and will turn ON only when the polarity of the 
gate voltage matches that of the drain voltage. The concentra- 
tion of induced carriers, and therefore the conduction of the 
channel depends on the magnitude of the gate-source voltage 
Vag> as well as, to a lesser extent, the gate-drain and gate- 
body voltages. 

To ensure a positive gate control to enhance a channel that 
bridges source to drain, some gate overlap may be utilized. Al- 
though overlap is theoretically not necessary for operation, it 
does allow for the inevitable manufacturing misalignments that 
occur. Unfortunately, this overlap contributes to increased— 
and useless—capacitance, both gate-to-source (C,,,) and gate-to- 
drain (Coq). Coupled with the long channel, which contributes 
to resistance, the overall effect is a MOSFET with poor high- 
frequency (as well as poor high-speed) characteristics. Modern 
small-signal MOSFETS often rely on self-alignment masking to 
eliminate gate overlap. 

An enhancement-mode MOSFET requires a finite gate voltage 
before conduction occurs. The gate voltage at which a somewhat 
arbitrary level of conduction occurs is called the threshold voit- 
age, Vy. 

To excite the n-channel MOSFET the gate-source potential is 
biased positive; for the p-channel MOSFET the gate-source po- 
tential is biased negative. At zero gate-source voltage the en- 
hancement-mode MOSFET is OFF, irrespective of whether it is an 
n- or p-channel device. 
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What determines the moment of turn-ON (vis., the threshold 
voltage) is a function of many factors, including the type of 
gate structure (metal or polysilicon), the thickness and purity 
of the gate oxide, the doping density of the substrate (or 
epitaxy) beneath the gate oxide, the body-source voltage Ves 
(or more correctly labeled, in accordance with JEDEC, the Vus: 
see Section 3.3) and the chip temperature. 

The transfer characteristics of both the depletion-mode and 
the enhancement-mode MOSFET muy be reviewed in Figure 1.10. 

The careful reader should now be cognizant of the seemingly 
contradictory definition of the term I ss for the depletion-mode 
FET (JFET or MOSFET) and for the enhancement-mode MOSFET. 
Chapter 3 explains the apparent contradiction. 


2.4 Double-Diffused MOSFET (DMOSFET) 


The DMOSFET technology has undergone dramatic changes since 
it was introduced in the mid-1960s. Yet despite notable varia- 
tions in masking, processing, and application, and aside from 
physical differences, the small-signal DMOSFET and the large- 
signal, or power, DMOSFET, have much in common. 


2.4.1 The Smali-Signal DMOSFET 


The small-signal DMOS rose to prominence when efforts were ex- 
pended to improve the high-frequency performance of the 
MOSFET. Since the maximum operating frequency depends on 
the ratio of transconductance to capacity, achieving a higher 
transconductance and a lower capacitance was the obvious goal. 
Shrinking the channel! length offers both, but, using the conven- 
tional MOSFET design constraints, the dual sacrifice of lowered 
breakdown voltage and increased difficulties in fabrication forced 
a reexamination of the basic technology. The masking technology 
had been stretched to its limit to provide such fine definition. 

The enhancement-mode DMOSFET performs much the same as 
the conventional MOSFET as previously described (Section 2.3.2), 
but with two particular advantages. 

1. The channel, being very much shorter, now allows for 
velocity saturation of the carriers. One aspect of velocity 
saturation minimizes the effect of gate bias on transconductance, 
or gain. Consequently, once we have achieved our desired cur- 
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rent (by means of gate biasing), the transconductance is little 
affected by further changes in gate bias, allowing for high- 
speed and/or high-frequency performance at minimum dissipation 
(power loss). 

2. The use of an n-type substrate (or, if the alternate con- 
struction is used, as described in Section 1.4.1, n-type epitaxy) 
provides for the spread of the drain-depletion field into that 
medium rather than into the channel (as with the classic MOSFET 
described in Section 2.3), thus offering much higher operating 
voltages as well as a lower feedback capacitance, Cea: 


2.4.2 The Large-Signal (Power) DMOSFET 


The large-signal or power DMOSFET needs extraordinarily low 
channel resistance, TDS(on)’ to achieve efficient performance at 
low power dissipation. For seemingly different reasons, the 
DMOS technology was chosen. Yet even here, to achieve the 
ultrafast switching speeds a high figure of merit is critically 
needed. Consequently, we discover that both the small-signal 
and the large-signal DMOSFETs, indeed, have much in common. 

However important a low PDs(on)? the short-channe! character- 
istic of DMOS becomes an insignificant contributor! Once we 
have withholding, or breakdown, voltages much beyond 100 V, 
the major contributor to the ON resistance becomes the epitaxial 
drift region. The relationship between the breakdown voltage 
and the ON resistance of this epitaxy region is; 


7 2.5 
Tyscon) ~ * Yosprypss (4:3) 


where K is a proportionality constant that also involves the 
active area of the semiconductor chip. 

What we are witnessing from Eq. 2.3 is the effect of the resis- 
tivity of the epitaxy. We increase the resistivity to ensure a 
higher breakdown voltage, but with the increased breakdown 
capability we also increase the resistance to the current flow. 
Regrettably, the equation identifies a nonlinear degradation. 

Simultaneous with our need for low ON resistance, for the 
majority of applications in which power MOSFETs are useful, @& 
high withholding voltage is mandated. Since Eq. 2.3 identifies a 
potentially serious conflict, a struggle ensues in which perform- 
ance tradeoffs must be balanced against available power DMOSFET 
technology. 
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Based on Eq. 2.3, a low-ON-resistance, high-breakdown 
DMOSFET requires a semiconductor chip with a large active 
area. Early in the development of power DMOSFETs, utilizing 
the vertical current flow concept—that is, having the drain 
beneath the chip—was seen as a major benefit. A principal 
power limitation of the horizontal planar convention, practiced 
by manufacturers of small-signal FETs and MOSFETs, involved 
a thin channel. The vertical concept, following that practiced 
in the manufacture of bipolar transistors, allowed an enormous 
increase in current handling. 

A common practice among manufacturers is to increase the 
cell density. During the initial phase of power DMOSFET de- 
velopment, when the truncated V-groove was in vogue, cell 
densities of 20,000 cells per square centimeter were common. 
During the early 1980s, when the planar DMOS technology super- 
seded the V-groove concept, the density grew to 71,000 cells/ 
em’, then to 130,000 cells/em®, and today we have densities 
reaching beyond 250,000 cells/em?! 

Although such densities offer improved yields of ultra-low- 
°DS(on) DMOSFETs, we must not overlook the degraded pulse 
current capability that may accompany high-density DMOSFETs. 
If this degradation exists, it is the result of what is known as 
the pinch effect. 

The pinch effect is best understood by examining the cross- 
section of a power DMOSFET, offered in Figure 2.5. 

Electrical contact to the source, gate, and drain uses up 
potentially valuable active area with lead-bonding pads. Today, 
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Figure 2.5 The pinch effect results from interaction between the 
p diffusion (acting as a pseudo-JFET gate) and the restricted- 
area n DMOSFET channel. 
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to achieve even greater utilization of active area, many power 
DMOSFET manufacturers have removed the source pad and use 
the technique of "bonding over active area." 

The universal practice in the manufacture of power DMOSFETs 
is to lay source metal over the surface of the semiconductor chip, 
leaving room, of course, for the gate structure and its lead- 
bond pad. To "bond over active area" simply means to secure 
the source lead to this surface metal where it is most convenient. 
Bonding over active area is a manufacturing option frequently 
found on super-high-current power DMOSFETs where having a 
source bonding pad would not lead to efficient utilization of chip 
area. 

Once we have identified cur required breakdown voltage, we 
are faced with two remaining recourses to achieve a higher op- 
erating current. 

1. Increase the cell density: that is, place a large number 
of active MOSFETs per unit area in parallel on the chip. 

2. Increase the area of the semiconductor chip, which also 
allows for greater dissipation to the package. 

The latter technology is blighted with expensive difficulties, 
not the least of which is a manufacturing problem involving a 
statistical concept called "defect density." Many manufacturers 
have resorted to cleaner production areas to favorably tip the 
statistics. Figure 2.6 offers a glimpse of how yields are affected 
by such endeavors. 

Operationally, the enhancement~mode power DMOSFET per- 
forms exactly as does its small-signal counterpart. A gate bias 
equal in polarity to the drain voltage impressed between gate 
and source will, once threshold had been passed, control the 
drain current. 

When using a power DMOSFET, we need to be aware of its 
unipotential characteristic. A careful review of Figure 1.18 
identifies a pn junction existing between drain and indirectly 
to the source by way of the body diffusion and the source- 
body bridge. Consequently an n-channel DMOSFET operates with 
only a positive drain potential and a p-channel DMOSFET with 
only a negative drain potential. 

Because of velocity saturation, the gain of the device is high 
even with a gate-source voltage only slightly greater than the 
threshold voltage. Low-power DMOSFETs capable of offering 
drain currents of a few hundred milliamperes exhibit gain far in 
excess of their high-current JFET counterparts, and certainly 
higher than an equivalent-current, long-channel MOSFET—if one 
could be built in the first place. 
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Figure 2.6 Net die yield per wafer is critically dependent on 
the absence of microscopic particulate matter. The effect be- 
comes increasingly critical as die size enlarges. This effect is 
the fundamental limiting factor in the manufacture of large die 
semiconductors, which necessitates an ultraclean environment. 


2.5 The Static-Induction Transistor 


Although the static-induction transistor (SIT) might at first 
appear to be an outgrowth of the JFET; in performance it is 
not. Yet, it is a JFET—having a source, oa drain, a diffused 
gate, and a short channel. As a result of this short channel, 
as with the DMOSFET, degeneration caused by excessive channel 
resistance is greatly reduced. What is immediately noticeable is 
that it, like the power DMOSFET, has a vertical current path. 
The SIT differs from the JFET in performance. 
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Current flow in the SIT between source and drain, rather 
than under the direct control of the depletion fields established 
by the gate-channel bias, is controlled by the height of an 
electrostatically induced potential barrier. 

Unlike the conventional JFET, the majority carriers (electrons) 
travel at velocity saturation, which makes possible operation at 
very high frequencies. At the time of this writing, the SIT 
offers the potential of near-microwave performance with higher 
power and efficiency than currently are available using 
DMOSFETs. 

However, like the JFET, the SIT, acting as we might expcct 
of a depletion-mode device, requires an opposing gate-bias po- 
tential, thus necessitating two power supplies. 

Quite unlike either the JFET or the DMOS, the static d-c 
characteristics of the SIT exhibit a triodelike characteristic, 
shown in Figure 2.7, rather than the more familiar pentode 
curve. Consequently, the SIT behaves much like the triode 
offering a more modest voltage amplification factor », as well as 
a considerably higher output admittance, g,, (quite obvious 
from Figure 2.7), than what we would expect of either a JFET 
or a DMOS. 


‘“es*% _» 
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rain Current (Ip) 


Drain-Source Voltage (V) 


Figure 2.7 Output characteristics of the depletion-mode static- 
induction transistor. 
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2.6 The Insulated-Gate Bipolar Transistor 


The popularity of the IGBT results from its high current density 
at high standoff voltages.. Had the power DMOSFET not exhibited 
the deleterious rpg versus ViBR DSS Phenomenon, as we saw in 
Eq. 2.3, the IGBT never would have materialized. Although it 
is certainly possible to manufacture a high-voltage, high-current 
power DMOSFET, to achieve the necessary low rpg would require 
a proportionally larger chip. A large chip diminishes yields, es- 
calating costs. That alone makes the high-voltage, high-power 
DMOSFET unsuitable for muny applications. The IGBT offers 
high-voltage and high-current capabilities simultaneously, with 

a chip size considerably smaller than the equivalent power 
DMOSFET. A smaller semiconductor chip means higher yields 
and lower cost, and lower cost is a major attraction of the IGBT. 

Operationally, the IGBT operates somewhat differently from 
the power DMOSFET. In review, the gate controls turn-ON, 
exactly as it does with the DMOSFET. It also allows control] over 
turn-OFF, but, unlike the DMOSFET, where the control is both 
direct and near-instantaneous, turn-OFF for the IGBT exhibits 
the characteristic storage time of the power bipolar transistor! 
Also, unlike the power DMOSFET, the gate cannot be "crow- 
barred" to ground potential without possibly latching the IGBT. 

A careful examination of Figure 1.20 should reveal why we 
have bipolarlike turn-OFF characteristics. The n-channel IGBT 
represented in this illustration has a p-doped substrate on which 
is grown an n-doped epitaxy, into which we build our conven- 
tional DMOSFET. 

For the conventional power DMOSFET, this n-doped epitaxy, 
also called the drain-drift region, is what maintains the with- 
holding (or breakdown) voltage. To increase the withholding 
voltage rating, we increase the resistivity of this epitaxy (hence 
the increase in rpg). 

However, with the n-channel IGBT we find this n-doped 
epitaxy has been grown on a p-doped substrate. If we care- 
fully follow the current flow path, we discover that current is 
inhibited irrespective of direction by virtue of either the p-doped 
channel or the p-doped substrate, The former inhibits forward 
current; the latter inhibits reverse current flow. As a conse- 
quence, unlike the conventional power DMOSFET, we need not 
increase the resistivity of the n-doped epitaxy to achieve a 
hicher withholding (breakdown) voltae. 
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Figure 2.8 Equivalent circuit of the IGBT identifying the main 
current flow. The npn and pnp transistors may be identified in 
Figure 1.20. 


Operation is best understood by examining the equivalent 
circuit shown in Figure 2.8. With a positive voltage on the 
collector (formerly the drain, when we considered DMOSFETs), 
when we bias the gate to induce carrier flow into this n-doped 
epitaxy region (see Figure 1.20) we flood (or modulate) the 
region with carriers (for an n-channel IGBT: electrons), for- 
ward biasing the p-n diode (p-substrate, n-epitaxial). Current 
flow is from the collector through the DMOSFET channel to the 
n emitter. 

Some confusion regarding the operation of the IGBT may be 
dispelled by careful study of Figure 2.8, where we discover that 
the collector is, in reality, the emitter of the substrate-epitaxy 
pnp bipolar transistor. The positive "collector" voltage forward 
biases the emitter-base junction, which results in the conduc- 
tivity modulation. Conversely, a p-channel IGBT has an npn 
emitter acting as its collector. 

Since we do not need to increase the resistivity of the n-doped 
epitaxy proportionally with increasing breakdown voltage (see 
Eq. 2.3), as would have been necessary with the more conven- 
tional DMOSFET, the current density is comparable to that of 
the p-n diode! Because of this, we have a MOS-gated structure 
both capable of high withholding voltages and able to handle 
large currents. In fact, if we allow a voltage drop of only a 
few volts—as we might also "allow" for a power DMOSFET—across 
"drain to source” (for the IGBT the bipolar nomenclature "collec- 
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tor to emitter" is used), the current density can easily exceed 
that of a power bipolar transistor 5 times and a power DMOSFET 
20 times! Figure 1.21 compares an IGBT, a bipolar transistor, 
and a power DMOSFET. 

Although this p-doped substrate with the n-doped epitaxy 
together inhibits reverse-current flow, it also inhibits the IGBT 
from competing with the conventional power DMOSFET at com- 
petitive breakdown voltages for reasons we have discussed in 
Chapter 1. 

Although the IGBT offers high-power operation at reasonable 
cost, we must not lose sight of the storage time. Having flooded 
the n-epitaxy region with carriers, at turn-OFF we must allow a 
finite time for these carriers to either bleed off or recombine. 
Unlike the power DMOSFET, the IGBT is not a high-speed 
switch. For most applications, 20 kHz approaches the upper 
switching limit. 
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3 
Interpreting the Symbols 


3.1 Introduction 


In our quest to understand the specifications used to define the 
FET, one major stumbling block may be the interpretation of the 
symbology used to define electrical parameters. What exactly 
does a term such as Ings mean? Although we may not cover 
every symbol in this chapter, we will certainly blanket those 
we should expect to see when reading a FET data sheet. 

This chapter is devoted in its entirety to the interpretation 
of the symbology that appears on every data sheet. Chapter 4 
takes each symbol covered in Chapter 3 and defines how each 
parameter (for which the symbology is given) is achieved. Then 
Chapter 5 continues with a discussion of how these parameters 
affect performance and how the parameters interact with one 
another. As we proceed, we cannot avoid repeating some of 
what we have said previously. 


3.2 Interpreting the Symbols 


Much time would be saved if there were simple rules to memorize. 
Unfortunately, such is not the case. Although there are some 
rules, contradictions abound, and there are a plethora of excep- 
tions. One rule worthy of our study involves how to interpret 
subscripted letters, for example, in Ipngs- 
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The nonsubscripted capital letter, I, obviously stands for 
current. But what current? Our first subscripted letter, D, 
identifies that current as drain current. Our second subscrip- 
ted letter, S, informs us that the drain current is flowing to the 
source. Therefore, I gs: means drain-to-source current. How- 
ever, we have a third” subscripted letter. 

The majority of transistors are three-terminal devices. Bi- 
polar transistors have a collector, a base, and an emitter. 

FETs have a drain, a gate, and a source. Of course, some 
MOSFETs also have a body terminal as well; but that gets us 
into the exceptions sooner than we planned! For now, we need 
to know that the third subscripted letter identifies the location 
of attachment of the “unused” third terminal. 

Thus if Ing represents drain-source current, it is reasonable 
to say that two terminals out of three are in use: the drain 
and source terminals. That leaves the gate terminal, which, 
according to the third subscripted letter, S, is attached to the 
source. The term Ings simply means that with the gate tied to 
the source (zero gate bias, Vgg = 0), we have a measure of the 
zero-biased drain-source current. 


Inss 
Current a 


Drain 
(to) Source 


Third terminal tied 
to— [Source] 


Few symbols can have such diverse interpretations as does 
I . In every case, literally interpreted, we are specifying a 
zero-gate-biased, drain-source current. Yet, if we compare the 
specifications, which this symbol identifies, of a depletion-mode 
FET (whether JFET or MOSFET) and an enhancement-mode 
MOSFET, we discover that for the depletion-mode device we are 
measuring maximum current, but for the enhancement-mode FET 
the current is merely leakage! 

Aside from the triple subscript symbol, as we have noted, 
other symbols offer a variety of information. Familiarity with 
these various and diverse symbols will help to qualify the reader's 
grasp of the transistor's capabilities. 
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3.3 A Glossary of Symbols 


Many, if not all of these symbols were established by JEDEC, 
the Joint Electron Device Engineering Council (now called the 
Solid-State Products Engineering Council) of the Electronic In- 
dustries Association, in Washington, DC. The simplified defini- 
tions offered in this chapter, however, are those of this author. 
If the reader is surprised not to see some familiar symbols, such 
aS Vqs, for "voltage, gate to source," it is only because the 
simple symbols really do not need interpretation. 


3.3.1 Symbols for Voltage 


ViBR)DpSs &reakdown Voltage, Drain to Source, 
Gate Tied to Source 


Also called avalanche breakdown. This symbol has, on many 
data sheets, replaced BVpss: 


ViBR)GSS B8reakdown Voltage, Gate to Source, 
Drain Tied to Source 


Generally applied only to small-signal FETs. On many data 
sheets this symbol replaces BVqgg. 


VoSton) Aaturation Voltage, Drain to Source 


The voltage drop across drain to source when the FET is in its 
full ON state. Also identified as Vos(sat)> Of Vgar- This 
term is generally applicable to power transistors only. 


Vos(f) Gate-Source Forward Voltage 

Applicable to JFETs only. A measure of the voltage drop across 
the gate junction when forward gate (diode) current I, usually 
a few milliamperes) is forced. 


Vos(off) Gate Cutoff Voltage 


The gate-to-source voltuge of a depletion-mode FET (or MOSFET) 
as the channel conductance approaches cutoff. This voltage is 
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measured at an arbitrary, but convenient level of cut-OFF cur- 
rent (but greater than the leakage current). The polarity of 
the voltage is always opposite that of the drain voltage. 


ViGS)th Threshold Voltage, Gate to Source 


Also may be shown as Vr, VrH, and Viyp)- The gate-to-source 
voltage of an enhancement-mode MOSFET that is required to 
achieve channel conduction. This voltage is measured at an 
arbitrary, if not convenient value of turn-ON drain current. 

The polarity of the voltage matches that of the drain potential. 


V, Pinch-OFF Voltage 


p 
Refer to the discussion leading to Eq. 2.1 in Chapter 2. 


3.3.2 Symbols for Current 
IA (R) Avalanche Current 


Associated with unclamped inductive testing of power DMOSFETs, 
Iac(R) identifies the maximum avalanche current during switch- 

OFF. The (R) stands for "repeated measurement." The magni- 
tude is generally equal to the I, rating of the power DMOSFET. 


Ip Continuous Drain Current 


Although widely accepted as the maximum root-mean-square op- 
erating drain current for a power DMOSFET, the value is gen- 
erally calculated as follows: 


1/2 


Dl; cer oe 
DS(on) J 


To measure Ip at the normal operating drain voltage would 
necessitate a pulsed test to avoid exceeding the dissipation of 
the transistor. 
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!Dfen) ON-State Drain Current 


Although equivalent to Ip, it is measured at considerably lower 
voltages (and often under pulse conditions) to ensure that the 
transistor's power rating is not exceeded. 

It is this symbol we use to identify the minimum drain-source 
current of an enhancement-mode MOSFET, rather than the sym- 
bol Inss: which is used for depletion-mode FETs. 


' Di off) Drain Cutoff Current 


Identifies the OFF current through a JFET when biased beyond 
cutoff. The term denotes the leakage current through the JFET. 


lou Pulsed Drain Current 


The maximum drain current that is feasible for the FET when 
the gate is biased to full ON. The current must be pulsed to 
guard against exceeding both the dissipation and the safe op- 
erating area. 


lpss Zero-biased Drain Current 


For a depletion-mode FET, this term identifies the saturated 
drain current. For an enhancement-mode MOSFET, the term 
identifies the leakage current. 


Iq Operating Cate Current (of ao JFET) 


Not to be confused with Iggg (see next definition), where the 
JFET is not operational. This parameter depends on Vpgq (not 
Vpg) and Ip, as well as, of course, the polarity of the gate 
voltage Vqg. The input (gate) resistance of a JFET (with the 
polarity of Vos in the reverse-biased condition, vis., for an 
n-channel JFET, negative) may be approximated using the equa- 
tion: 


R. = 2G (3.2) 
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loss Gote-to-Source Current, Drain Tied to 
Source 


This parameter always represents a leakage current, conse- 
quently the impressed voltage across gate to source is reverse 
biased. For a JFET (or SIT) where the gate channel is a pn 
junction, the positive potential appears at the n-doped region. 
For MOSFETs, the polarity is of lesser importance. 
Note that the FET is inoperable because the drain is elec- 
trically tied to the source. 


i Ss Continuous Source Current 


A term used in the characterization of the body-drain diode of 
a power DMOSFET. 


3.3.3 Symbols for Resistance 


RpS{on) Static Drain-Source ON-State 
Resistance (also shown as rncfon)) 


With the gate held at a specified voltage to ensure that what- 
ever change we have in drain-source voltage, Vpg, will corres- 
pond to a proportional change in drain current, In, (Ohm's 
law). This mandates that the FET be in its linear (triode) re- 
gion of operation, where Vypg is less than Vy» and also less than 


Vos — YGs(off): 


dston) Dynamic Drain-Source ON-State 
Resistance 


In essence, this is identical to the static form, but conducted 
as an ac measurement. 


Renhjc Thermal Resistance, Junction to Case 
(aiso identified as R gjc) 


By the amount of thermal resistance that exists between the semi- 
conductor chip and its header (package), we see a corresponding 
rise in temperature per unit power dissipation with respect to 
the temperature of an external reference. 
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R AC Thermal Resistance, Case to Sink 
{also identified as Recs) 


By the amount of thermal resistance existing between the semi- 
conductor's package (case) and the heatsink to which it has 
been firmly attached, we see a corresponding rise in temperature 
per unit power dissipation with respect to the temperature of an 
external reference. 


R JA Thermal Resistance, Junction to 
Ambient (also identified as Rg za) 


The summation of Riyjc- Rtencs> and the thermal resistance ex- 
isting between the heatsink and free air (Rtpnsa) at whatever 
temperature this free air (ambient) is. 

Taken together, we can provide an electrical analog circuit 
of the thermal resistance, shown in Figure 3.1. 


3.3.4 Symbols for the Dynamic Characteristics 

GO fs Forward Transconductance 

Also identified as g,,- This symbol indirectly identifies the gain 
of the FET. 


With power FETs, this dimension is given in Siemens (formerly 
mhos). 


qj 


RiehuC 


Te 


* RthCS RihJA 


Ts 
PRthSAa 
Tp 


Figure 3.1 Electrical analog of thermal resistance for a typical 
semiconductor, where Py represents the total power dissipated 
by the FET. 
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Gos Output Conductance 


The rate of change of drain current to drain voltage, expressed 
by the equation: 


ee, (3.3) 


Although this term is generally applied to small-signal FETs, it 
does identify the slope of the output characteristic curves in the 
saturated region of any FET. 


Ciss input Capacitance, Input (Gate) to Source 


The third subscript indicates that the drain should be tied to 
the source. Because the drain is tied to the source, the actual 
value of input capacitance includes Cog plus Coa! 


ee = eae + Cod (3.4) 


Coss Output Capacitance, Output (Drain} to 


Source 


The third subscript indicates that the gate should be tied to 
the source, resulting in a total output capacitance of the parallel 
combination of C,, and Cea’ 


Cc °C 


gees mie 
ds gd 
C nes Reverse Transfer Capacitance, Common 
Source 


Identical to C,,. This symbol] is one of many exceptions to our 
rule, since neither the second nor the third subscript means 
what we previously learned. 


© as = C oa (3.6) 
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Pulse INPUT 
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Drain 
Voltage 
OUTPUT 





t, td (off) 
taony—" es = ty 


Figure 3.2 Switching waveforms. 


tyfon) Turn-ON Delay Time 


Interval of time beginning at the 10% rise time of the gate pulse 
to the moment when the drain voltage has dropped to 90% of its 
nonconducting state. See Figure 3.2. 


tp Rise Time 


The interval of time during which the drain voltage has dropped 
from 90% to 10% of its nonconducting state. See Figure 3.2. 


 dloff) Turn-OFF Delay Time 


The interval of time beginning when the gating pulse falls to 
90% of its peak value and ending at the moment of drain voltage 
rises to 10% of its OFF-state amplitude. See Figure 3.2. 


te Fall Time 
} 


The interval of time during which the drain voltage has risen 
from 10% to 90% of its nonconducting state. See Figure 3.2. 
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t Reverse Recovery Time’ ; 


rr 


If the body-drain diode of a power DMOSFET has reason to enter 
into forward conduction, when the diode switches OFF, the cur- 
rent through the diode reverses momentarily. The time for this 
current to fall once again to 25% of its peak value is called the 
reverse recovery time. See Figure 3.3. 


Q Charge (Figure 3.4) 


Current is the rate of flow of charge, thus, 


;- & (3.7) 


Furthermore, we know that 
Q=C av (3.8) 
so, combining Eq. 3.7 and Eq. 3.8, we have: 


C av 


dt (3.9) 


i= 





Consequently, we place a charge on the FET gate to induce 
current flow, namely, a continuous "flow of charge" Ip. In the 
early days of power DMOSFETs it was customary to adjust the 
gate current by changing either the voltage or impedance of the 
gate drive. Because of the difficulty of specifying capacitance, 
however, achieving a foreknown switching speed was all but im- 
possible. 


Qg¢th) Gate Threshold Charge 


Identifies the minimum gate charge required before we reach the 
minimum threshold voltage. We are also able to identify the OFF- 
state value of C,,. This symbol is used principally on power 
DMOSFET data sheets. 


Qg(on) ON-State Gate Charge 


Identifies the minimum gate charge necessary to ensure the cor- 
rect measurement of Trns(on): 
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Figure 3.3 Reverse recovery time of the parasitic body~-drain 
(DMOSFET) diode. Note that Q,, is also called Q,. 


This symbol is generally found on power DMOSFET data 
sheets. 


Qgm(on) Peak ON-State Gate Charge 


Identifies the minimum gate charge required to reach the maxi- 
mum gate-source voltage. 


3.3.5 Miscellaneous Symbols 


There are many symbols to identify specific applications. For 
example, we have FETs characterized for both low- and high- 
frequency amplifier service, dual JFETs for use as input buffers 
for operational and differential amplifiers, smoke detectors .. . 
the list is endless. 

The few symbols offered here are frequently seen on data 
sheets. 


e,, Short-Circuit Equivalent input Noise Voltage 


Closely approximates the equivalent thermal noise voltage of the 
channel resistance (with the exception of so-called low flicker 
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Figure 3.4 Basic equivalent circuit of a charge-controlled FET. 


noise 1/f"). This symbol is generally found on data sheets of 
small-signal JFETs designed especially for amplifier service. 
We may define this noise voltage as follows: 


= 1/2 
Co (4kTR VB) . (3.10) 


where 


Boltzmann's constant 

temperature in degrees Kelvin 

bandwidth in Hertz 

N = equivalent input noise resistance; for an n-channel 
JFET, the value approaches: 


~— 

Stal 
rd 
al 
_ 
es 


Zh 
B 
R 


- 0.67 
Brg 


R 


N (3.11) 


In what is called the 1/f" region, the noise voltage is ex- 
pressed as follows: 


1/2 
= jaxn, 8 (: + 2) (3.12) 


where n (in f™) varies between 1 and 2. 


Figure 3.5 identifies the equivalent noise circuit of an ideal- 
ized JFET. 
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Noiseless 
FET 





Figure 3.5 Basic equivalent circuit representing noise in an 
ideal JFET. 


The noise characteristics of a JFET are frequency dependent 
and take the form shown in Figure 3.6. 


NF Noise Figure 


Expressed in decibels (dB). Careful inspection of Figure 3.5 
shows an additional source of noise, identified as 1,, that is in 
shunt with the input. Together with e,, we can define the 
noise power of the JFET as follows: 


2 
_ on rae ae 
ae = Ro sae Ro (3.13) 


e 


Defining the low-frequency noise figure of a JFET is some- 
what awkward because it must always be given with reference 
to some standard, which, as we have seen from Eq. 3.13, the 
generator resistance Rq: 


~2 7-2, 2 
en “i, Ra’) 


NF = 10 log fs 
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Figure 3.6 Characteristics of JFET noise. 


For this reason, e,, is the more popular expression for defin- 
ing the noise of a JFET. 

Figure 3.7 offers a simple conversion between noise figure 
and noise voltage, e,, if the source (or generator Rq) re- 
sistance is known. Since this conversion omits the term i,, of 
Eq. 3.14, it is valid only when the operating gate current Ig, 
is very low (generally always the case at audio frequencies). 

Noise figure may also identify the high-frequency performance 
of a FET. Quite often we find no reference to Rg on the data | 
sheet, although, in general, 50 & is assumed. 

Yet, we must be aware that the assumption of 50 Q does not 
mean that the FET in question performs with an Rg of 50 9. It 
means only that the FET has been impedance-matched to 50 2. 
Its true source resistance to achieve the specified noise figure is 
seldom offered. 


dV/dt 


Generally identified by symbol. It represents the slew rate of 
drain voltage possible before a latch-up condition occurs. This 
latch-up may result in destruction of the DMOSFET. 
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snd 


e,, Equiv Short-Circuit Input Noise Voltage (nV/Hz") 





1.0 
NF Noise Figure 8) 


Figure 3.7 Chart for converting noise voltage to noise figure. 
Useful for JFETs, where we may assume zero noise contribution 
from generator recombination (or shot) noise (i, = 0 in Eq. 
3.14). 


Symbols for Degree of Electrical Match 


Additionally, we find symbols used to identify the matching 
parameters of dual-packaged JFETs (and some small-signal 
MOSFETs). These symbols, consisting, for the most part, of 
symbols we have just defined, identify the degree of electrical 
match. Rather than repeat our definitions, the following is 
self-explantory. 


'Ves1 _ Vase! Differential Gate-Source Voltage 
Expressed in millivolts for a common drain current. 

41VGgs1 — Vqgsg2!/AT Gate-Source Voltage Differential Drift 
Expressed in microvolts per degree Celsius where AT is gen- 
erally offered between —55°C to 25°C and 25°C to 125°C. 

Eroi/8fs2 Transconductance Ratio 


We are likely to find other combinations of symbols which, hope- 
fully, will be self-explanatory. 
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Appendix A 


JEDEC Standard No. 24 defines the terms, definitions, and letter 
symbols for power MOSFETs. 


Appendix B 


Military Standard MIL-STD-750C provides detailed testing pro- 
cedures for all discrete semiconductors. The methods specifical- 
ly pertaining to power MOSFETs include the following. 


Environmental tests (1000 series) 
Mechanical characteristics tests (2000 series) 
Circuit performance and thermal resistance measurements (3100 
series) 
3141 Thermal fesponse time 
3161 Thermal impedance measurements for vertical power 
MOSFETs (delta source-drain voltage method) 
Electrical characteristics tests for fleld-effect transistors (3400 
series) 
3401 Breakdown voltage, gate to source 
3403 Gate-to-source voltage or current 
3404 MOSFET threshold voltage 
3405 Drain-to-source ON-state voltage 
3407 Breakdown voltage, drain to source 
3411 Gate current 
3413 Drain current 
3415 Drain reverse-current 
3421 Static drain-to-source ON-state resistance 
3459 Pulse response 
3470 Unclamped inductive switching 
3471 Gate charge 
3472 Switching time test 
3473 Reverse recovery time 
3474 Safe operating area 
3475 Forward transconductance, pulsed d-c method 
3476 Diode recovery dv/dt 
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Characterization, Part | 
How Parameters Are Achieved 


4.1 Introduction 


Chapter 3 identified most if not ali of the important symbols we 
should expect to find as we review any FET data sheet. Every 
Symbol represents a measurable parameter. This chapter focuses 
on how each parameter is achieved. 

Like the earlier chapters, Chapter 4 offers phenomenological 
explanations without recourse to mathematics that might over- 
come the reader. Again, should the inquisitive reader wish to 
dig deeper, the references at the end of the chapter may be 
consulted. 


4.2 How Each Parameter !s Achieved 


We begin as we did in the preceding chapter, but rather than 
expanding on the interpretation of every symbol, we uncover 
the significance of each parameter that a symbol represents. In 
other words, we try to develop a better understanding of each 
parameter. 

Those familiar with the design and manufacture of FETs 
recognize that what follows is far from a rigorous exercise. 
Likewise, it is understood that these parameters are interwoven; 
that is, few stand alone without compromising other parameters. 
But how they compromise each other is left for Chapter 5. 
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4.2.1 V(BR)DSS Avalanche Breakdown 


This symbol] is replacing BVpsg on many data sheets. 


JFET 


Because of the symmetrical nature of most small-signal JFETs, 
VcBrR)pDss (formerly BVpgg) is seldom used to define breakdown 
since, by definition (see Section 3.3.1) the gate is electrically 
tied to the source. As a consequence, such a test would pro- 
vide breakdown data between the drain and gate only. 


DMOSFET 


A careful review of the cross-section of an enhancement-mode 
power DMOSFET reveals two possibly unexpected facts. First, 
the channel itself does not directly contribute to the breakdown 
voltage; and, second, breakdown appears to be not so much 4 
MOSFET parareter but a diode parameter! This becomes clear 
if we study Figure 4.1, where we discover that the drain-source 
breakdown phenomenon impinges principally on the pn region 
and the associated resistivities that together make up the 
DMOSFET. 


Gate Source Reverse 
Breakdown 


Ib, \BROSS 
of 
Body-Drain 
Diode 







substrata nt 


Drain Forward 


Diode 
Conduction 
Figure 4.1 Breakdown in a vertical power DMOSFET occurs 


across the pn junction between the p diffusion and the n- 
epitaxy. 
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Figure 4.2 The idealized guard ring design. 


Compensation for depletion-layer curvature is common for all 
power transistors, and the power DMOSFET is not an exception. 
Diffused guard rings, diffused field-limiting rings, and field 
plate structures find wide appeal in designing high-voltage 
Structures. Figure 4.2 presents a hypothetical cross-sectional 
view of a transistor compensated for depletion-layer curvature. 


SIT (Stoatic-induction Transistor) 


This high-voltage JFET equivalent exhibits its extraordinary 
breakdown characteristics because of its thick epitaxial layer 
between gate and drain. 

Despite the high-power nature of the SIT, the breakdown 
characteristics of this device more probably resemble those of 
the JFET than those of the power DMOSFET. 

Yet, like all power transistors, it suffers from depletion-layer 
curvature, requiring compensation not unlike that used for any 
high-voltage, high-power transistor. Of the three possible 
cures, the field plate appears more widely used. 


iGBT (insulated-Cate Bipolar Transistor) 
5 


Even though the IGBT has what amounts to an n-p-n-p diffu- 
sion, to maintain high breakdown characteristics, we must follow 
the rules of the power DMOSFET. 
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To achieve a high breakdown potential between collector 
(drain) to gate, various junction-curvature schemes must be 
used. 

However, quite unlike the power DMOSFET, if we wish to 
achieve a high reverse breakdown characteristic (vis., placing a 
reverse-polarity charge on the collector/drain), special care 
must be taken in fabrication to ensure a defect-free edge between 
substrate and epitaxy. The sawn edge of Figure 1.20 guarantees 
little if any reverse-polarity capability. One possible solution 
might be to surround the vertical p-n-p-n structure in a dielec- 
tric medium of intrinsic silicon. 


4.2.2 Vigpry}oss Avalanche Breakdown, Gate 
to Source 


This symbol is replacing BVggg on many data sheets. 


JEET (only) 


With drain tied to source, Vc BR)GSS (formerly BVggg) clearly 
identifies the avalanche breakdown characteristics of a symmet- 
rically diffused JFET. Breakdown occurs in the gate-drain/ 
source depletion regions. AS a consequence, we see a definite 
relationship between the breakdown voltage and the gate-source 
voltage Vac, as shown in Figure 4.3. | 

Additionally—and this is generally universal among semicon- 
ductors-—-the effects of junction (depletion-layer) curvature play 
a major role in the breakdown voltage. The shallower the dif- 
fusion, the greater the curvature and the lower the breakdown 
voltage. 

Small-signal JFETs and MOSFETs not only are physically 
quite small but seldom are compensated for the ravages of this 
effect. As a consequence, most small-signal FETs have low 
breakdown voltage ratings, generally under 60 V. 

There is, however, a class of JFET purposely designed with 
an off-center gate diffusion offering extremely low degeneration 
(the 2SK19 and the 2SK152, among others); for this case, 
V(BR)GSS May be considerably less than V(BR)DSS’ For this 
special class, Viprypss Might be a more suitable measure of 
performance. 
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Figure 4.3 Since JFET breakdown occurs between drain and 
gate, a direct dependency exists between Vgg and Vyg where 
breakdown directly follows the change in gate bias. 


4.2.3 Vps(on) ON-State Drain-Source Voltage 


Until early in 1985 this specification had been a sensitive issue, 
with power MOSFET vendors trying to compete with power bi- 
polar transistors. Since this specification reflects nothing more 
than the product of drain current In and ON-resistance 'DSs(on): 
our only control to lower Vps(on) is to design a low-ON-resist- 
ance DMOSFET. 

This parameter is, in effect, a measure of the power tran- 
sistor's efficiency, hence the former sensitivity among competing 
vendors. The product of voltage Vps(on) and current I) gives 
the heat loss within the device, and, indirectly, becomes a mea- 
sure of efficiency. 


4.2.4 VGS(f) Gate-Source Forward Voltage 


During assembly of the JFET die into the package (header), 
when no top gate bond is used, a satisfactory result of this test 
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ensures that the gold eutectic die attach has not cause a 
Schottky (Au-Si) diode barrier, which would result in an un- 
acceptably high series gate resistance. 

Testing for this parameter, we would expect to find one diode 
drop for a reasonable forward gate current. Generally anything 
exceeding 1 volt at a few milliamperes of forward gate current is 
cause for rejection. 


4.2.5 Vos(off) Gate-Source Cutoff Voltage 
JFET 


In the fabrication process we have considerable lattitude in 
establishing the gate-source cutoff voltage by the seemingly 
simple process of controlling the depth of the gate diffusion. 
A shallow diffusion means a higher cutoff voltage, whereas a 
deep diffusion lowers the cutoff voltage. 

The deeper we diffuse the gate, the more narrow becomes 
the active channel height and the smaller the depletion area that 
is required to effect cutoff. Consequently, for a deep diffusion 
we require less gate voltage to achieve cutoff, as we see in 
Figure 4.4. 


MOSFET {(Depletion-Mode) 


Controlling the cutoff voltage is a multifaceted task involving 
several potential variables: the composition of the gate itself 
(metal or polysilicon or a combination), the composition and 
thickness of the gate oxide, and the channel doping density 
and thickness. An additional variable may be the substrate, 
which, when biased, may act in some ways as a parasitic gate. 

A more serious consequence arising from the composition of 
both the gate and the oxide is its effect on developing electro- 
static charges. These charges, often resident within the oxide, 
materially affect the gate cutoff voltage. 

The specification for gate cutoff voltage applies only to 
depletion-mode FETs for obvious reasons. As the name suggests 
and from what we read in Chapter 2, by the application of a 
gate voltage we are depleting the channel. This can be accom- 
plished only by reverse-biasing the gate (with respect to the 
polarity of the drain), whether the gate be diffused (a JFET) 
or oxide-insulated (a MOSFET). 
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Source 


Figure 4.4 The more deeply the gate is diffused, the less gate 
voltage is needed to achieve cutoff. 


4.2.6 Vos(th) Threshold Voltage [also 
identified by Vy, and Vy] 


4 
Applicable only to enhancement-mode MOSFETs. To a great ex- 
tent the pinch-off problems associated with the depletion-mode 
MOSFET may be shared with the enhancement-mode MOSFET, 
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However, we recognize that the enhancement-mode MOSFET . 
really does not have an active channel until one is created by 
the application of the correct gate bias polarity. This we learned 
in Chapter 2, 

Consequently, an additional restraint on this parameter focuses 
on the creation of the current conduction channel. Again, as 
with the depletion-mode MOSFET, charges resident within the 
gate oxide play a crucial role in the establishment of the thresh- 
old voltage. If, for example, we consider an n-channel MOSFET, 
these resident charges are electrons; then their inhibiting effect 
on the creation of a channel must be overcome by the applied 
(positive) gate bias. A major problem in manufacture is con- 
tamination, the most common source being positive sodium ions, 
which lower the threshold voltage. Additionally, a variety of 
"fixed" (usually positive) charges may contaminate the gate ox- 
ide, also contributing to the lowering of the threshold voltage 
of n-channel MOSFETs. Consequently, these, along with myriad 
other problems, lead to the creation of what the manufacturer 
identifies as the threshold voltage. 

The threshold voltage found on a data sheet is merely a gate- 
source voltage required to produce a small drain current. The 
published value is not the true threshold one might need in 
modeling. 


4.2.7 Vo Pinch-off Voltage 
JFET 


In Chapter 2 we examined in some detail how the pinch-off volt- 
age is derived. Instead of repeating this material here, we offer 
a phenomenological derivation that should support our previous 
statements. 

In Figure 2.1 we saw that the depletion region blooms to 
effect a pinched-off condition when the drain-source voltage 
rises to some predetermined level, which we now know, from 
Chapter 2, to be equal in magnitude to VGS(off) (see Eq. 2.1). 

If we presume our JFET to be built to be physically sym- 
metrical, having the gate-source region equal to the gate-drain 
region, then we may presume, phenomenologically, that the 
drain-source voltage (with gate tied to source, thereby making 
Vos = Vpq) should offer the same depletion-field effect as does 
the gate-source voltage Vqs. 

Compare a positive drain voltage and negative gate/source 
(gate tied to source) to a negative gate voltage and positive 
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source. We have, in effect, equal magnitudes of bias but oppo- 
site polarity. Consequently, we agree that Eq. 2.1, repeated 
below, is correct! 


Voscofty | = ven (4.1) 


Again, repeating from Chapter 2, if our JFET channel is ex- 
tremely short, the drain voltage necessary to achieve pinch-off 
may exceed the gate-source voltage Vqgioff): This results 
from an interesting phenomenon: the electrons "drifting" in the 
channel are accelerated by the influence of a strong positive 
electric field (drain). This, of course, is expected, but the 
short channel magnifies the effect, causing the carriers (elec- 
trons) to reach their critical (Hmiting) velocity. At this point, 

a stronger drain field has no further effect and carrier (current) 
saturation occurs. The effect is shown in Figure 4.5. 


4.2.8 tap) Avalanche Current (Repetitive) 


This new parameter is a measure of the ruggedness of the power 
DMOSFET. With a specified load inductance (unclamped), the 
DMOSFET is switched OFF, allowing the drain voltage to surge 
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Figure 4.5 Shape of the conductive channel for a short-channel 
JFET. Because the channel restriction occurs beyond the gate. 
area, we may see that V, # Vas(off): 
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Vos = “(BA)DSS 





Pi aeant ce 
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Figure 4.6 (a) Idealized waveform of an unclamped inductive 
load test. (b) The prime failure mode occurs when excessive 
current passing through the p~ region develops sufficient volt- 
age across R_- (the p resistivity) to excite the parasitic npn 
transistor into conduction. If the drain voltage exceeds BVog‘o 
(of the npn), catastrophic breakdown may result. 


upward beyond Viprypss: thus forcing avalanche current 
through the DMOSFET. The waveform is shown in Figure 4.6a. 
The cause of failure is easily understood by studying Figure 
4.6b. The measurement may be done as a repetitive test. 
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Figure 4.6 Continued. 


4.2.9 Ip Drain Current 
Small-Signal FETs 


For both JFETs and MOSFETs, drain current is established 
simply by applying the properly polarized bias to the gate. As 
the bias is adjusted in magnitude, the resulting change in cur- 
rent is known as the transfer characteristic, dIp/dVgs. 


DMOSFET 


In Chapter 3 the drain current’was identified as a calculated 
rather than a measured value. Rated drain current in a power 
DMOSFET is based on dissipation and ON resistance—Ohm's law. 
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A series of power DMOSFETs‘exhibiting identical ON resistance 
put differing in dissipative ratings will not offer the same cur- 
rent rating, even if the active element ts the same in all pack- 
ages. Equation 3.1 is used to calculate Ip. 

Under the general heading of "absolute maximum ratings," 
where Ip, appears on a data sheet, we occasionally find the cur- 
rent given in both polarities (+). This does not mean that the 
FET is bidirectional. It does imply that the semiconductor is 
capable of handling that level of current either through the FET 
channel or, if in the reverse direction, through the body-drain 
diode (see comments on Ig). 


4.2.10 IpD{on) ON-State Drain Current 


Although Ip is generally rated with the absolute maximum rat- 
ings (at 25°C) on the power DMOSFET data sheet, Ipon) is 
always given as a minimum value on the same data sheet, even 
though these parameters are often (but not always) equal! 

The fundamental difference between I, and In(on) is that 
the former is calculated, whereas the latter is measured. How- 
ever, In;on) 18 generally measured at a drain voltage sufficiently 
low (often at 2 times Vps(on),» and under pulse conditions, to 
ensure that the maximum power dissipation of the power 
DMSOFET is not violated. 

Optimizing Ip;o,) is the job of the semiconductor designer, 
and it involves a multiplicity of tasks. To raise this level of 
current, we must lower the resistivity as well as increase the 
active periphery of the source diffusion. Of course we have 
the options of increasing the size (active area) of the semicon- 
ductor chip or paralleling multiple chips. (Paralleling multiple 
chips in one header is not recommended, however, because ex- 
perience, later confirmed by theory, identified a debilitating and 
often destructive oscillation occurring between DMOSFET chips 
mounted on a single header.) 


4.2.11 Ip¢og¢) Drain Cutoff Current 


The high ratio of OFF to ON resistance of the JFET makes this 
device popular in the market for large, solid-state analog 
switches. This specification is often found whenever JFETs are 
used as switches because it denotes the d-c OFF isolation when 
the JFET is biased beyond cutoff. 
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Shockley'’s power law equation for JFETs (Eq. 2.2), re- 
peated here, 


2 
I = 9 1~ _ ‘os (4,2) 
Rm Re Vascoff) 


identifies the drain current falling to zero when Vgg equals 
Vos off): Ina practical sense this does not happen. It is 
true that the drain current Ip, drops to a very low value, but 
Eq. 4.2 does not consider the leakage current. As the value 
of VGs approaches, then passes Vqsg(off), we see what we iden- 
tify as In(off)—a drain-gate leakage current. 

Of particular interest, not only do we witness a drain-gate 
leakage, but we also have a gate-source leakage current. If 
Vag exceeds the reverse gate-source breakdown voltage (through 
indiscriminately increasing the bias well beyond Vasgvoff), we will 
discover an abrupt increase in Ipcoff)! The effect is clearly 
shown in Figure 4.7. 

It is because of this phenomenon that we assign a somewhat 
arbitrary drain current (always greater than Ipcoffy? to identify 
Vas(off): 

We need to be aware of one precaution, not just for Ipcoff) 
but for ali leakage currents: a good rule of thumb is to assume 
that the leakage current doubles for every 10°C increase in chip 
temperature. 

Leakage currents for low-voltage FETs closely obey the simple 
Shockley diode model that predicts 


s qv\ _ 
I = I, Jexp (37) | (4.3) 


where Ip; the reverse saturation current, also exhibits a tem- 
perature dependency: 


= —1.12g 
I, = AT exp ( KT (4.4) 


where 


T = temperature in degrees Kelvin 

q = electronic charge (1.602 x 10°!9 C/electron) 
k = Boltzmann's constant (1.38 =x 10°23 J/°K) 

A = a constant 


74 Chapter 4 









10 

-§ 
<x 10 
Nenana! 
C -7 
@ 10 . 
c Junction 
> Breakdown r 
C) -9 

10 Vas (oft) 
Cc 
“oO -1t 
©? 410 
fC 


-100 ~10 -1 -0.1 
Gate-Source Valtage (V) 


Figure 4.7 The effect of gate-source voltage on drain leakage 
current. (From Designing with Field-Effect Transistors by Sili- 
conix inc., Arthur Evans, Ed. Copyright © 1981, McGraw-Hill 
Book Co. Used with permission. ) 


Equation 4.4 indicates that Ig doubles for approximately every 
10°C. The leakage current phenomenon becomes more compli- 
cated as the voltages rise. At voltages higher than what is gen- 
erally expected with JFETs we find what is called a Hall-Shockley- 
Reed (HSR) effect. Although quite beyond the scope of this intro- 
ductory text, the HSR effect comes from the natural imperfec- 
tions that are symptomatic of any semiconductor (lattice) struc- 
ture. Because of these imperfections, leakage currents find 
their way across pn junctions, adding their contribution to the 
leakage defined by Eq. 4.3. 


4.2.12 Ipyy Pulsed Drain Current 
Do not assume that the specification for Ipy is related to the 


fusing current of the source bond wire. It seldom ist Un- 
fortunately, the majority of power DMOSFET data sheets offer 
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no assurance other than that of providing this specification with: 
in the table of absolute maximum ratings (at 25°C)! 

This specification should ensure the user that drain-current 
saturation has not been reached when operating the DMOSFET 
just shy of Vipryass- However, watch out for Vg,q—it may 
be higher than you at first imagine because of a phenomenon 
called the pinch resistance, which we discuss in Chapter 5. 


4.2.13 Inss Zero-Bias Drain Current 
Depletion-Mode JFET 


The term Ingg, is generally used to indicate the value of the 
saturated drain current at zero gate-source voltage (viz., when 
Vas = 0). For a depletion-mode JFET, this term reflects a 
maximum drain current. Possibly a more accurate concept would 
identify Ings as the point of intersection where the triode and 
pentode output characteristics meet, at a drain voltage equal to 
Vv 

p: 


Depletion-Mode MOSFET 


An unusual characteristic of the depletion-mode MOSFET is that 
once we have achieved a zero-biased drain current (Ipss), we 
can continue raising our gate bias (passing the gate polarity 
through the zero crossing) and witness a drain current that 
exceeds Ingg! Although the MOSFET is now operating in the 
enhancement region, we must remember that the term Ingg ex- 
ists only at zero bias. Any additional increase in the level of 
drain current Ip is not called Ingg. 


Enhancement Mode (MOSFET only) 


With gate tied to source (the definition of Ings), an enhance- 
ment-mode MOSFET is normally OFF. Consequently this term 
reflects the leakage current between drain and source. Since 
enhancement-mode MOSFETs have no definable channel when in 
the OFF-bias condition, the common leakage path is diode leak- 
age. 
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4.2.14 I, Operating Gate Current 


JFET operating gate current does not mean forward gate current. 
It always refers to the reverse current through the pn gate/ 
channel junction when the JFET is biased for a specific drain 
current. 

Although the gate/channe! diffusion (pn junction) resembles 
a diode junction and, therefore, should seemingly offer similar 
characteristics, the fact that the JFET channel carries current 
dramatically alters its behavior. 

Where the pn diode exhibits a rather well-understood reverse 
breakdown voltage characteristic, the pn (gate/channel) diode of 
the operating JFET does not. The latter effect is well behaved, 
but from a different point of view. Figure 4.8 plots gate cur- 
rent versus drain-gate voltage, showing clearly the remarkable 
difference between the expected pn breakdown voltage (Iqggg) 
and the operating breakdown voltage. Note the "I, breakpoint" 
depends critically on both the operating drain current Ip, and 
the drain-gate voltage Vpq (not as Vps as some data sheets 
erroneously state). 

Since Ig is the result of collisions with silicon atoms in the 
gate region of highly excited free electrons (due to the drain- 
gate bias), as additional electrons (carriers) are introduced by 
operating the JFET, the collisions increase in frequency and the 
gate current increases in magnitude. 

Gate current Ig, is a linear function of drain current Ip, 
and is exponentially related to Vpog. 


#.2.35 loss Gate Reverse Current 
JFET 


For any pn junction, whether a diode or a JFET, the reverse 
leakage current follows a well-behaved pattern, as shown in 
Figure 4.8. This current may arise from several causes, such 
as surface contamination or the diffusion of thermally generated 
hole-electron pairs (carriers) from the channel into the gate- 
depletion region. 

Leakages tend to double for every 10°C increase in chip 
temperature (Eq. 4.3 and 4.4), and rise exponentially with in- 
creasing voltage, as shown in Figure 4.9. 


How Parameters Are Achieved 


lp = 1 mA 
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Figure 4.8 Effect of drain current and drain-gate voltage on 
operating gate current. 


MOS 


The principal cause of MOS-gate leakage is the presence of 
contaminants within the oxide interface between the gate and 
channel. These contaminants may be trapped electron charges 
or other surface-state events. 
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Figure 4.9 Leakage currents rise exponentially with the im- 
pressed voltage across the junction and double for each decade 
vise in temperature. 


8.2.16 1. Source Current [also IlpR— 
ontinuous Reverse Drain Current] 


It is critical to the success of the characterization of the power 
DMOSFET's body-drain diode to ensure a proper forward diode 
current. Because of the polarity of the body-drain diode (re- 
verse that of the MOSFET itself), this diode current is forced 
into the source of the power DMOSFET (hence the alternate: 
IprR:» reverse drain current). The magnitude of this diode cur- 
rent is generally set by the manufacturer and should be equal 
or close to the calculated absolute maximum current (Ip) of the 
particular DMOSFET, at a temperature of 25°C. 

Since reverse recovery time (see t,,) depends critically on 
the magnitude of this current, we need to take special precau- 
tions to ensure that Ig is a meaningful value. 

To gain an appreciation of the potential magnitude for Ig, we 
need only examine the periphery of the p-diffusion of an n- 
channel power DMOSFET, shown in Figure 1.18. The pn junc- 
tion far exceeds the enhanced channel of the MOSFET, suggest- 


ing that Ig can well exceed Ip. 
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4.2.17 fps(on) Orain-Source ON Resistance 


Smalf-Signal JFET 


In Chapter 1 we rather thoroughly examined channel conduction 
for the JFET and saw that the depletion width within the channel 
is proportional to the square root of the junction potential as 
defined by Eq. 1.1. 

Channel conductance (and its reciprocal —Tyyg ony? is affected 
by several obvious factors: the cross-sectional area, the length, 
and the resistivity (doping concentration) of the channel, and, 
of course, the bias. The greater the cross-sectional area, the 
lower the resistance and the more heavily doped the channel— 
again, the lower the resistance. The longer the channel, the 
higher the channel resistance. 

We exercise control over the channel resistance by the mani- 
pulation of the gate-source bias Vqs. At zero gate-source 
voltage we are very close to the optimum channel conductance 
(minimum resistance). When the gate-source voltage is exten- 
ded beyond Vagcorf), the channel conductance reaches its low- 
est value and the ON resistance of the JFET is nearly infinite. 
This is clearly illustrated in Figure 4.10, where rng versus Vqg 
normalized to Tng(on) 8Nd Vgs(off) Shows an exponential rise 
in ON resistance. 

However, on the other hand, by careful manipulation of the 
gate bias (forward biasing, but not to where forward gate cur- 
rent commences), it is possible to further collapse the junction 
potential (V}; of Eq. 1.1) and achieve additional reduction of 
channel resistance. We can see the results of such a manipula- 
tion in Figure 4.11. 


Small-Signal MOSFET 


As we saw with the small-signal JFET, channel conductance, 
hence resistance (the reciprocal of conductance), is affected by 
the channel area and length as well as by the dopant concentra- 
tion. 

For the depletion-mode MOSFET, the lowest channel resistance 
occurs when the gate bias has brought the MOSFET into en- 
hancement. Once the gate bias has reversed its polarity (viz., 
matching the drain polarity), additjonal oppositely charged car- 
riers are attracted to the region under the existing channel. 

As these oppositely charged (with respect to the gate charge) 
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Figure 4.10 Normalized ON resistance versus normalized gate- 
source voltage. 
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Figure 4.11 Effect of forward gate bias for a JFET showing a 
remarkable rise in the saturated drain voltage (Siliconix U310). 
Current saturation was purposely established to protect against 


burnout. 
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carriers build up, substrate inversion occurs, resulting in in- 
creased channel cross-sectional area and lower channe! resistance. 

For the enhancement-mode MOSFET, the lowest channel! resist- 
ance occurs when the gate bias reaches just shy of its gate- 
source breakdown voltage. 


SIT 


Matters become complicated with the static-induction transistor 
because to obtain the desired triodelike output characteristics, 
we must optimize the channel thickness. Consequently a low 
'ps(on), although of prime importance, is somewhat compromised 
to provide the desired triode characteristic, and, simultaneously, 
reasonable efficiency. 


DMOSFET (Power MOSFET) 


The cost of a power DMOSFET (aside from any extra costs 
arising from special handling) is based principally on its physical 
size. Nothing more, nothing less. The number of good die per 
wafer eventually establishes the cost. Consequently, we strive 
for what might be an optimized design—optimized, that is, to 
offer the required breakdown voltage and ON resistance. 

The ON resistance of power DMOSFETs with breakdown volt- 
age in excess of 50 to 60 V is a function of the breakdown volt- 
age, as we remember from Eq. 2.3, repeated here: 


2.5 
Ryscon) ~ *Y(BR)DSs cea) 
where K is a proportionality constant reflective of the active 
area of the semiconductor chip. 

For any given breakdown voltage, the larger the active area 
of the chip, the lower the ON resistance. 

Fabricating a DMOSFET requires a compromise of sorts toa 
achieve a high breakdown voltage and a low ON resistance. 
These properties do not complement each other. Either you in- 
crease the substrate resistivity to accommodate the required 
breakdown voltage, or you lower the substrate resistivity to 
reduce the ON resistance. The only alternative is to raise the 
resistivity to meet the breakdown requirements and increase the 
active area (or cell density) of the geometry to reduce the 
resistance. 
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Yet, we must be aware that there are subtle anomalies in ; 
merely increasing the active area of the semiconductor. Earlier 
in our discussion of ViBR)pDss: We identified several design con- 
cepts for improving the breakdown voltage capability of the semi- 
conductor. Al! these concepts to improve performance require 
some finite area. Likewise we need bonding pads where source 
and gate contact is made. Consequently, the physical area of 
& power semiconductor chip is greatly exaggerated when com- 
pared to the active area. 

To achieve cost-effective solutions, bonding over active area 
is replacing the source bonding pad. Most, if not all power 
DMOSFET design has source metal across the face of the semi- 
conductor die (chip), providing ample bonding area without the 
need of a special bonding pad. This affords some improvement 
in surface utilization. 

Additionally, in the initial design of the semiconductor chip 
we must chose our layout carefully. To achieve an optimum 
design, manufacturers may chose from several topologies, some 
of which are shown in Figure 4.12. 


4.2.18 Vrqs{on) Dynamic ON Resistance 


We measure by modulating the gate voltage Vqg and measuring 
both the a-c drain voltage and a-c drain current, obtaining: 


av as 
™ oy) (4.6) 
ds{on) di 6 


4.2.19 Repjc Thermal Resistance, 
Junction to Case 


For a given semiconductor chip size, Ri,7¢ depends on two de- 


sign decisions: 
1. The means by which the chip is bonding to the case (the 


die attach), such as by gold eutectic, soft solder, or epoxy. 

2. The package (case), both in composition (copper, steel, 
aluminum, etc.) and in physical size. A copper TO-204 package 
will offer a lower thermal resistance than a steel TO-204, and 
both will offer a lower thermal resistance than a copper TO-205. 
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Figure 4.12 Efficiency of various DMOSFET surface geometries. 
Note that the "square on hexagonal grid" form is the most 
efficient. 


4.2.20 Rencs Thermal Resistance, Case to 
Sink 


The value of Rincs is also determined by two design decisions, 
but these decisions are the responsibility not of the vendor but 
of the user! The user's decisions involve the package style 
chosen for the job, and, if the chosen package style allows 
attachment to a heatsink, the means used to attach the package 
to the heatsink. 


4.2.21 RenjaA Thermal Resistance, Junction to 
Ambient 


This resistance combines not only the sum of Repnyc and Rtpcs: 
but also depends upon the user's choice of heatsink and cooling. 


4.2.22 Q¢, Forward Transconductance 


A measurable quality of a FET's performance as defined by its 
gain may be expressed by the following relation: 
} 


dal 
D 
ea = [V 
fs qViag DS 


a constant] (4.7) 
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If we differentiate Shockley's equation (Eq. 2.2, repeated as 
Eq. 4.2), we arrive at the small-signal transconductance: 


n-1 
“Alyss Yes 
fee es | (4.8) 
GS(off) GS(off) 


where n is generally 2, although some texts identify a variance 
ranging between 1.5 to 2.5. 
If Vag = 0, then Eq. 4.8 reduces (with n = 2) to: 


— 2] 
Bes = oe (4.9) 
GS(off) 
leading us to understand that the small-signal transconductance 
of a JFET is proportional to the saturation drain current and 
inversely proportional to the gate cutoff voltage. 
Equation 4.9 also indirectly identifies a relationship between 


In and gfs, best shown in Figure 4.13. 


MOSFET (Smoll Signa!) 


The basic equation (Eq. 4.7) holds equally well for any FET, 
JFET or otherwise. In Section 2.3 we learned that the MOSFET 
has a fourth terminal, the substrate. One precaution we need 
to be aware of is that this substrate can act as a pseudo-gate. 
As a consequence, when we consider transconductance, we need 
to determine whether we are considering gate transconductance 
or substrate transconductance. In both cases, the basic equa- 
tion holds; what differs is the denominator: Is it dVqg or 
dVpco? The term Vgg identifies the body (or substrate)-to- 
source voitage. Every effort is usually taken to reduce the 
latter and enhance the former, often by the simple expedient of 
tying the substrate to the source. 

There are several variables to optimize MOS transconductance, 
evident in Eq. 4.10: 


e Sas. Yn Was = Vy) (4.10) 
Brg L : 
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Figure 4.13 Graphical representation of Eq. 4.9 as applied to 
the JFET. 


where 


Cox = gate oxide capacitance per unit area 


vy = electron mobility in the n-region 
W = width of the channel 
L = drain-source separation (channel length) 


Close inspection of Eq. 4.10 suggests that transconductance 
may be increased by increasing either Vgg or decreasing V7. 
Unfortunately, the drain current will increase as the square of 
(Vas — Vy), making power dissipation unduly severe. 


SIT 


Because the static-induction transistor does not follow the 
classic Shockley equation (Eq. 2.2), a clear understanding of 
its transconductance is difficult. One complexity results from 
the SIT's nonsaturating drain current dependency on drain 
votiage (see Figure 2.7). 

To even approach a phenomenological understanding of trans- 
conductance, in light of Eq. 4.7, we must resolve the effects of 
drain voltage on drain current. However, complicating matters 
further, the SIT appears to alter its Ip/Vpg relationship as we 
move from the low-current to the high-current state. 

Since the SIT behaves much like the classic triode, we can 
approach a phenomenological understanding of transconductance 
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if we recognize that the relative effectiveness of the drain and 
gate potentials is, in reality, nothing more than the amplifica- 
tion factor, ! 


v= DS 
Wes 


at In = constant (4.11) 


Observation of the SIT gutput characteristics (Figure 2.7) 
shows that the curves are similar, only displaced from one 
another. This is partly because the drain current depends on 
both Vqs and Vps, as we see in the following equation: 


1 = Vos x uVas (4.12) 
D (+ u)r (1 + w)r : 
Ss s 
where 
uw = amplification factor (Eq. 4.11) 
r, = resistance between the source and the intrinsic gate 


To determine the transconductance of the SIT, we need to 
establish a load line. The load line (superimposed on Figure 
2.7) in Figure 4.14, identifies the dynamic drain-load impedance, 
as follows: 


dv 
R = 


DS 
d dl [V a constant} (4.13) 


D GS 





Merging Eqs. 4.7 and 4.13, we discover that transconductance 
is numerically equal to: 


Er, = as (4.14) 


2 a 


It is interesting to note that with JFETs, the voltage gain 
(or yw) is equal to the product of transconductance gr,, and the 
load resistance Ry- Not really different from the SIT! 
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Figure 4.14% Typical output characteristics of the SIT with load 
line superimposed. 


DMOSFET 


The power DMOSFET likewise exhibits a change in state as the 
drain current rises. What is especially remarkable results 

from the short channel !ength inherent in all DMOSFET struc- 
tures. At sufficiently high electric fields, carrier velocity satu- 
rates, at which point the gate bias no longer plays a part in de- 
termining the transconductance! At low currents the power 
DMOSFET operates essentially in the square-law region, and the 
equation for transconductance is: 


= Yn Sox © Yas ~ Vo? (4.15) 
rs L ° 


When velocity saturation occurs, the equation becomes: 


Se WE 
a a om 


where E is 5 x 10° em/s for silicon. 
Note that the term in parentheses in Eq. 4.15 is no longer 
applicable. The one readily controllable variable, W, suggests 
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that as our die size increase (to accomodate higher currents), 
so does the transconductance. 


IGBT 


Equation 4.7 applies only to FETs; the IGBT, although possess- 
ing a gate really is not a true FET in every sense. A more 
realistic equation would be: 


gg =a (4.17) 
m aVor 


where — 


Ic = collector current 
Vor = voltage from gate to emitter 


Because the IGBT is controlled by a gate potential rather than 
by the injection of minority carriers via the gate (but by minor- 
ity carriers from the MOS channel), we use the term transcon- 
ductance rather than the more familiar bipolar term, beta. 

The term gr, really means the forward transconductance with 
reference to a common source (common to both input and out- 
put). However, as we have just witnessed in Eq. 4.17, the 
IGBT does not have a source but an emitter, so the equally 
common symbol for transconductance, gy), is used. 

We need to be aware that an IGBT will find its principal ap- 
plication in high-level switching rather than as an amplifier ; 
thus there is little need to know its transconductance. 


4.2.23 Gg, Output Conductance 


Although a perfectly useful term, Eos is generally relegated to 
the characterization of small-signal JFETs and constant-current 
diodes made from JFETs. 

Drain-current saturation as defined for a JFET (by Ipss) 
can be confusing when we view the typical drain characteristics 
(Figure 2.2). Beyond the point of supposed drain-current 
saturation, Ipgg, we continue to see small increases in drain cur- 
rent with increases in drain voltage. 
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The effect becomes most apparent for short-channel JFETs, 
where the depletion region is affected not only by the gate po- 


tential but by the drain as well. For some short-channel JFETs 
(as well as DMOSFETs) this effect may be caused by velocity 
saturation, which produces a premature drain-current saturation 
that continues to be influenced by increasing drain voltage. 


4.2.24 Cis Common-Source Input Capacitance 


Gate-source and gate-drain capacitance, as identified in Eq. 3.4, 
combine to form Cigg- 

FETs with potential barriers established by carrier-free deple- 
tion regions have associated with them what we may label an 
active capacitance (later this will be shown to be distinct from 
a passive, or parasitic capacitance). The plates of this capacitor 
ure the electric fields beyond the depiction reyion; the dielectric 
is the depletion region. Factors affecting the magnitude of 
capacitance involve the junction area, the doping concentration, 
and the applied voltage as well as its polarity. As the reverse 
bias voltage increases, the depletion region expands and reduces 
the capacitance. This can be visualized easily by studying how 
the depletion fields in a JFET are enlarged by the applied volt- 
age, as shown in Figure 2.1. 

Additionally, we have capacitances formed by layout—for ex- 
ample, the proximity of the gate to surrounding source metal. 
This we label as passive or parasitic capacitance. 

Because FET capacitance is principally a phenomenon depen- 
dent on depletion fields and layout, we see few effects resulting 
from temperature. 

Manufacturers often do not offer either C,, or C gd» but pro- 
vide the JEDEC-approved input capacitance Ens: in Zi ecommon- 
source configuration (source common to both the input and out- 
put). Consequently, if we examine the plot of Cjgg versus Vgs, 
shown in Figure 4.15, it is not difficult to be misled regarding 
the effects of voltage on input cupacitance. Extracting the ter- 
minal capacitances using Eq. 3.4 and plotting as we have done 
(Figure 4.16) offers a succinct appreciation of the effects of 
voltage on gate source capacitance for the JFET. 

Input capacitance, Cj,, may, under certain conditions, differ 
from either C,, or Cjgg, when the Miller effect comes into play 
(see Section Po. 28). 
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Figure 4.15 A linear plot of the common-source input capacitance 


C:,,- of a JFET as a function of gate-source voltage. 


JFET 
From Poisson's equation, the reverse bias space-charge capaci- 


tance per unit area of an abrupt-junction diode is an inverse 
function of the square root of the junction voltage: 


( K " 
Cc = {——-_— (4.18) 
Veg to Ven 

3 
Ss 
= Vos = OV 
a 
S 
= 
| 

1 

1 Log Voltage (V) 10 


Figure 4.16 Gate-source capacitance Cqg, of a JFET versus 
gate-source voltage. 
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JFETs, as a rule, are not classified as abrupt-junction de- 
vices, for the diffusion processes will cause some gradation of 
the junctions. To modify Eq. 4.18 to better fit the JFET, we 
would change the exponent from 1/2 to 1/3. 

If we carefully consider the cross-sectional view of a JFET 
(Figure 2.1), we will understand why gate-drain capacitance 
Coq, is less than gate-source capacitance C,,, even though the 
JFET is manufactured in perfect physical symmetry and source 
and drain may be interchanged in operation. 

This effect becomes even more pronounced for planar short- 
channel JFETs, where we see very low values of Cgq due, in 
great measure, to the high electric flelds present at the drain 
end of the channel. Because of their extremely low values of 
Cod: such JFETs find wide application at high frequencies. 


MOS and DMOS (Small Signa!) 


MOSFET capacitances are also affected by depletion-region move- 
ment in addition to other, more complicated, factors. One of 
these complications results from trapped charges resident in the 
gate oxide. 

The equation for the MOS capacitor is: 


“ox Fox 
Cox age (4.19) 
ox 
where 
€5x = dielectric constant of the oxide 
Eox = electric field within the gate oxide 
Xox = thickness of the gate oxide 


A = effective area of one plate 


Charging the MOS Capacitor 


Let us examine what happens when a charge is placed on one 
plate of a capacitor. Using Figure 1.7 aga our model, we ob- 
serve that for every positive charge we have a negative charge 
supplied by the mobile electrons in the p-substrate. Figure 
4.17 is informative in that we see the effect of resident charges 
that permanently exist in semiconductor MOS dielectrics (iden- 
tified in Eq. 4.19 as E,,). When our gate voltage Vg, is in- 
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-2 0 

Vg) 

Figure 4.17 The effect of gate voltage on capacity of a small- 
signal MOSFET. The dramatic dip in capacity occurs as a result 
of the movement of the depletion region within the body, where- 
as the return to the former state (at positive bias) is caused 

by the development of an inversion layer immediately beneath 
the oxide (see Figure 1.7). 


sufficient to overcome this resident charge, we see the capaci- 
tance take a sudden drop. . 

In our earlier discussion of Vqgtn) for the enhancement- 
mode MOSFET, we learned that an additional gate bias was re- 
quired simply to overcome the effects of this charge. In prac- 
tice, the voltage within the gate oxide, V,,, will differ from the 
applied gate-substrate (body) voltage, VqB, simply because of 
the charge resident in the gate oxide. A simplified equation of 
the gate-substrate capacitance per unit area is: 


Can Vox 7 
CcC=--—— (4.20) 


dVan 


The gate-source capacity C,,, and gate-drain capacity Cea, 
(which together equal C;,,) experience a dramatic increase 
when the gate bias Vqg, passes the threshold voltage Vy, as 
illustrated in Figure 4.18. We can credit this dramatic increase 
in capacitance to the carriers in the now-enhanced MOS channel 
which, with the gate, form the plates of a capacitor (Figure 
1.7). 
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Figure 4.18 Effect of gate bias on capacity for a small-signal, 
enhancement-mode, n-channel MOSFET. 


DMOSFET (Power) 


Many of the effects we have just read regarding small-signal 
MOS also hold for power DMOSFETs. Again, the JEDEC format 
for itemizing capacitances lists Cjg,g, Cogg, and Crag, which, 
when plotted, can lead to some confusion. Following our previ- 
ous example, from Eq. 3.4, we can plot Cgg and Cyq, shown in 
Figure 4.19 for a 400 V, 1 & power DMOSFET. Notice that un- 
like the small-signal JFET or MOSFET, the gate-source capaci- 
tance Cog, remains fixed as the drain voltage Vpg rises. This 
would not be immediately apparent if the reader were to check 
the effects of Cjg, versus Vpg. Note also that Vgs is below 
threshold. Why C,. remains fixed can be understood by a care- 
ful study of the power MOSFET cross-section in Figure 1.18. 
The power DMOSFET is inoperable. Once channel current has 
commenced our understanding of the effects on capacitance is 
further complicated. This has led JEDEC to recommend that 
charge data be offered on the data sheet (see Charge) in lieu 


of capacitance. 
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Figure 4.19 Interelectrode capacitances of a power DMOSFET 
versus drain-source voltage of a low-C,q, 400 V, 1 2 power 
DMOSFET. Here, we are able to resolve the true effect of 
voltage on the depletion-dependent capacitances. 


SIT 


Gate-source capacitance, C,., like the JFET, is depletion de- 
pendent. As bias is applied to the recessed gate (see Figure 
1.15), the depletion field spreads quickly to assume a fully 
depleted region at moderately low bias voltage. Likewise the 
gate-source capacitance decreases rapidly, then gradually be- 
comes marginally constant as shown in Figure 4.20. 


IGBT 


Ostensibly comparable to the power DMOSFET insofar as its 

gate input is concerned, nonetheless, the symbol probably should 
be Cye— capacitance, gate-emitter. Like the power DMOSFET, 
Cee should remain constant over wide "collector" voltages. 


4.2.25 Cocg Output Capacitance 


According to the JEDEC standards C,,, contains both Cy, and 
Cag (see Eq. 3.5). 
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Figure 4.20 Effect of gate bias on capacitance in the SIT. The 
abrupt drop occurs a8 Vag passes Vqgioff): (From B. J. 

Baliga, "High Voltage Junction-Gate Field-Effect Transistor with 
Recessed Gates," IEEE Transactions on Electron Devices, ED-29. 
Copyright © 1982, IEEE. Used with permission.) 


JFET 


The drain-source capacitance C4,, for the JFET is quite low, 
often so low that aside from high-frequency applications, and in 
switching fast pulses or high frequencies (analog switches), we 
can ignore it. We should, by now, recognize why Cg, is low. 
Capacitances are controlled by depletion fields; the depletion 
field established by the drain-source potential is of major pro- 
portions (as compared to all others), resulting in a very low 
capacitance. It would not be uncommon to see values in the 
high femtofarads (1 fF = 10-19 F). In fact, package parasitic 
capacitances will generally mask those of the semiconductor, 
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Figure 4.21 A comparison of measured and calculated values 
of drain-body capacitance of a small-signal, n-channel MOSFET. 


MOS (Small Signal} 


Output capacitance Cgg, consists primarily of the drain-body 
capacitance Cqp, and, as such, more closely follows Eq. 4.18 
(Vpsg substituted for Vq). Consequently, we see that for the 
small-signal MOSFET, when Vps is much greater than Vpi. Cap 
is inversely proportional to the square root of drain voltage. A 
comparison of measured versus calculated values (using Eq. 4.18) 
is offered in Figure 4.21 (shown in the OFF state). 


DMOSFET 


The classic cross-sectional view of the power DMOSFET shown 
in Figure 4.22 provides detailed information about the active 
and parasitic capacitances. As we may have suspected, the 
drain-source capacitance is, in reality, the drain-body capaci- 
tance. Earlier we affirmed that the power DMOSFET body is 
electrically bridged to the source, thus Cqp = Cqag- Since Cap 
(hence Cqg) is a junction-depletion capacitance, we may also ex- 
pect the capacitance to be inversely proportional to the square 
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Figure 4.22 The location of parasitic capacitances in a power 
DMOSFET. Both gate-to-source (Ces) and gate-to-nt (Con+) 
capacitances are essentially independent of bias voltages, where- 
as drain-body capacitance (Cqgp) and drain-source capacitance 
(Cas) depend heavily on the depletion field, hence on the volt- 
age. 


root of the drain voltage (when Vpsg >> Vpj)- See Figure 
4.19, 


SIT 


Unlike anything we have studied before—and what we can con- 
firm by inspection of Figure 1.15, the output capacitance ap- 
pears to be synonymous to the feedback capacitance, or drain- 
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gate capacitance C,qg! As we earlier witnessed with Ces: we 
also see for Cog (Figure 4.20). 


IGBT 


In the IGBT case, we are no longer dealing with a FET when 
we consider the output capacitance. Aside from its gate input, 
the IGBT is a power bipolar transistor. Like bipolar transistors, 
Cop — output capacitance—remains reasonably constant regard- 
less of collector voltage. 

In the applications involving IGBTs, Cop is not important. 
What is of paramount importance is storage time (see discussion 


on tacoff))- 


4.2.26 Cres Reverse Transfer Capacitance 


The reverse transfer capacitance is better recognized as Coqg— 
gate-drain capacitance, or feedback capacitance. No parasitic 
capacitance is desirable, and C,,, is the least desirable of all. 


JFET 


We know that all JFET capacitances are depletion-dependent, 
hence voltage-dependent. Where we have the greatest electro- 
static differences, we shall see the lowest capacity. Even though 
most JFETs are fabricated with symmetrical cross-sections, be- 
cause of the higher drain potential, we find the gate-drain 
capacity lower than gate-source capacity. 

Yet a more subtle cause of feedback capacity, other than 
that caused by voltage-dependent depletion regions, might escape 
the casual reader. ; 

There are two common topologies for JFETs (not including 
monolithic duals): the symmetrical and the asymmetrical, shown 
in Figure 4.23. The majority of JFETs today are fabricated on 
an epitaxial layer that forms a back gate. To provide electrical 
continuity between the top gate and the epi gate, a deep well 
extends through the semiconductor about the periphery of the 
chip, illustrated in Figure 4.24. The asymmetrical topology, in 
essence, envelopes the drain fingers with source fingers that 
effectively shield the drain from this deep gate well, which sur- 
rnoundr the nerinherv of the active area. 
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Figure 4.23 Asymmetrical (a) and symmetrical (b) JFET topol- 
ogy. The asymmetrical source fingers surround the drain 
fingers, reducing the parasitic drain-gate capacity. A slight 
improvement in the gain bandwidth occurs when operating at 
high frequencies (> 100 MHz). 


MOS and DMOS (Small Signa!) 


Like the JFET, the small-signal MOSFET has a subtle contributor 
to feedback capacitance. In the:design and fabrication of a 
MOSFET, to ensure carrier conduction between source and drain 
for an enhancement-mode device, the gate alignment with both 
source ‘and drain diffusions must be precise (see Figure 1.8). 
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Figure 4.24 Cutaway view clearly shows that the gate totally 
surrounds the active area of the JFET. 3 


Historically, some gate overhang was tolerated to ensure align - 
ment, but this overhang contributes to Cog. 

Today, most MOSFETs that are fabricated use special tech- 
niques that eliminate overhand and with it, lower Ceq. 


DMOSFET (Power) 


Whereas with most FETs, the applied voltage affects (modulates) 
the depletion width, which, in turn, affects the interterminal 
capacitances, for the classic power DMOSFET (Figure 1.18), the 
drain-source voltage Vpsg modulates the effective plate area of 
our capacitor. 

We can visualize the effect by closely examining Figure 4.22. 
where we see that the epi-depletion thickness Wa epi): effective- 
ly alters the plate area beneath the gate oxide. As & result, 
Cys does not vary according to the classic 1/(Vps) !/ 2, but in 
proportion to 1 — K(Vps)! 2, . 

A not-too-subtle effect occurs when the magnitude of Vps 
drops below Vgg (a common occurrence when a transistor is 
used as a switch). The channel and the n-epi region beneath 
the gate oxide are flooded with carriers. If we now visualize 
Figure 4.22 with a substantially larger conduction area beneath 
the oxide, we will not be surprised at the substantially higher 
Cgq- Using our model—the 400 V, 1 2 DMOSFET—note the 
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Figure 4.25 During the switching cycle of a power DMOSFET, 
once Vgg exceeds VsatT (Vpq crosses zero), Cog rises rapidly 
to extraordinary levels and is the major contributor to establish- 
ing the switching time specifications. 


change in C,q when Vpg drops below Vag by comparing Figure 
4.25 with Figure 4.18. 


4.2.27 taion) Turn-ON Delay Time 


For any FET, td(on) denotes the inverval of time necessary for 
the gate drive to activate the FET. Regardless of FET type 
(JFET, MOSFET, SIT, IGBT), the mitigating parameters that 
ultimately control this characteristic are the input capacitance 
and the magnitude of gate control (whether Vqscoff) for deple- 
tion-mode FETs or Vgscth) for enhancement-mode MOSFETs). 

All FETs, like bipolar transistors, are charge-controlled de- 
vices. That is, a finite charge must be injected into, or out 
of, the gate to prompt the FET into action. Unlike the bipolar 
transistor, this charge does not need to be maintained; it must 
only charge or discharge the input capacitance to bring the gate 
voltage into compliance to attain the desired action. 
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We can express this charge control as follows: 


_ aQ 
An dt (4,21) 


where j;, is the charging current required to bring the input 
capacitance into compliance. The current may be defined as 
follows: 


dv 








2 GS 
Ain ~ Sin —at (4,22) 
and, in combining Eqs. 4.21 and 4.22, we find: 
dQ 
C, = (4.23) 
in Vis 


If we follow the gate-charge characteristics in Figure 4.26 
(for this Wlustration our model is a 400 V, 1 2 power DMOSFET) 
with the switching waveform shown earlier in Figure 3.2, we 
should achieve a reasonably clear appreciation of how switching 
times are affected by FET capacitances. Although these figures 
pertain to the power DMOSFET, the principles apply to any FET. 

Initial turn-ON delay *a(on): begins with no charge, hence 
no gate voltage when the input pulse impinges on the gate ter- 
minal. As charge begins to build on the input capacitance 
Cin» we see the gate voltage Vgs, rise (region 1 in Figure 
4.26). We may deduce Cj, from the slope of Vqsg, using Eq. 
4.23. 


4.2.28 t Rise Time 


r 
For any FET, t, identifies the portion of time during which the 
gate has activated the FET to produce a dramatic change in 
drain voltage as witnessed in Figure 4.26 and compared with 
Figure 3.2. 

Although we indeed see the expected dramatic change in 
Vps (region 2 of Figure 4.26), we also observe a dramatic slow- 
ing of the gate voltage VGs. ramp (and, according to Eq. 4.23, 
a dramatic increase in Cj,,) due to a phenomenon called Miller 
effect. 
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Figure 4.26 Typical charge curve of a power DMOSFET, 
showing the charge on the gate as well as the collapsing drain 
voltage during switching. Region 1 extends to threshold, region 
2 covers the switching period (from 90% to 10% of the voltage 
waveform), and region 3 goes to full saturation. Note especially 
that Vsar occurs at the point at which Vgg resumes its climb 
to Vqg- The slow settling to Vgay (in region 3) is due to the 
rise of Coq (Figure 4.25). 


The Miller Effect 


An amplifying element, whether bipolar transistor, FET, or 
vacuum tube, operating in—using FET terminology—the common- 
source configuration (source common to both input and output) 
has both an input and a feedback capacitance that, depending 
on the voltage gain of the stage », will merge to form an 
equivalent input capacitance, Cin¢eq): 


C +¢C Lo aS (4.24) 


Cin(eq) - gs ga‘ 
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Figure 4.27 Transfer characteristics of the power DMOSFET 


showing the three principal regions: subthreshold (A—B), 
square-law (B—C), and velocity-saturated (C—D). 


Since, from Eq. 4.14, 
aa ~ Bes Ra 
we have: 


Ciaceq) = Pgs * Cga’t * SesFa? (4.25) 


Remembering Eq. 4.7, Qf, is directly proportional to a change 
in drain current, dIg. FETs, in general, exhibit a triple-state 
transfer characteristic as shown in Figure 4.27, where we wit- 
ness a slow turn-ON. Consequently, we see in Figure 4.26, a 
gradual increase in Cj,, shown by the flattening of the gate 
charge, as yw increases. 

According to Eq. 4.7, when dIp approaches zero (at current 
saturation), our voltage gain » also decays to zero, at which 
instant the Miller effect vanishes and, as we see from Figure 
4.26, the gate charge once more rises until V,,, (the original 
gate-drive voltage) is attained. 
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On the data sheets of some smaller FETS we often do not 
find either tq(on) or t,i rather, we see the symbol tron)? which 
represents the sum of tdcon) and t,- 


4.2.29) taco) Turn-OFF Delay Time 


For a FET, this delay time is not as serious a problem as it is 
for the typica] bipolar transistor or IGBT. To ensure turn-OFF 
we need to reverse the charge on both the input and output 
capacitances. Whereas for turn-ON we might have raised the 
gate potential (as we did for the power DMOSFET in Figure 
4.26 and for the JFET by bringing the bias Vgq, from beyond 
cutoff to Vgg = 0) and, likewise, dropped the drain voltage, 
which, in turn, would have discharged the output capacitance 
Coss: NOW we must reverse the charge on Cj, and charge Cogs. 
The interval of time we need to drop Vag from our turn-ON 
potential of Vgg to the point at which turn-OFF begins is "dead" 
time. Truthfully, a form of storage time! 


iGBT 


The IGBT, however, like the bipolar transistor, suffers from 
storage time—a phenomenon whereby the minority carriers injected 
into the n-epi region from the p-substrate (collector) (Figure 
1.20) require a finite time to recombine before the device truly 
turns OFF. 


4.2.30 ty Fall Time 


Like rise time, fall time is seriously affected by the Miller effect. 
As Vgsg enters into the square-law region of the transfer char- 
acteristic ("C" in Figure 4.27), the voltage gain » drops, and 
we see a corresponding de-emphasis of the Miller effect (Figure 
4.28). 

Reviewing the switching time specifications, we must not for- 
get that the FET parameters of V7 (for enhancement-mode de- 
vices) or Vascoff) (for depletion-mode devices) play a critical 
role as we juggle our specifications. Note, for example, that 
as we lower Vp, we shorten tqcgny) but lengthen taCoff) Like- 
wise there are tradeoffs with the depletion-mode FETs as we 
try matching our gate drive to Vggoff)- 
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Figure 4.28 Turn-OFF charge characteristics of a power 
DMOSFET. Note that the Miller effect is less prominent than 


at turn-ON (Figure 4.26). 


Because of the plethora of FETs and FET specifications, it is 
often difficult to select the fastest FET. The simplest and most 
accurate method would be to compare the gate-charge waveforms. 

We saw on the data sheets of some small FETs that symbols 
for tacoffy and tg have been replaced by their sum: tcorfy- 


4.2.31 t., Reverse Recovery Time 


This parameter of the power DMOSFET body-drain. diode is best 
understood by reexamining Figure 3.3. If we consider a diode 
in forward conduction, the depletion fields are fully collapsed 
and the carriers are freely flowing across the pn junction. If 
we abruptly reverse the carrier flow, the diode will not abruptly 
cease conducting because it takes a finite time to reestablish 

the depletion fields and to sweep the excess carriers out of the 
region. The time is called reverse recovery time; the excess 
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carriers are called minority carriers and constitute an unwanted 
charge Qrry (also identified as Q,). 

In the design of power transistors, including FETs and 
IGBTs, we try to shorten both tpyr and the number of minority 
carriers. If we compare t,, with the switching times associated 
with most power DMOSFETs, we see that the former is quite 
slow. 

The speed of this diode is a function of the area labeled 
Q,—stored charge (Figure 3.3). On a data sheet we find, not 
Q,, but tpy—the time elapsed between the current's passing of 
the zero crossing and returning to with 10% of its pink reverse 
value, 

This elapsed time depends on many measurement variables, 
which we must identify as we begin comparing one manufacturer's 
product against another. Among the variables we have: 


1. The initial forward current, In 
2. The rate of fall of current, —di/dt 
3. The chip temperature, Ty, 


Besides Q_ we need to be aware of the shape of the recover- 
ing-current waveform (the positive-going portion of the wave- 
form in Figure 3.3, labeled +dIp/dt). If it exhibits a fast rise, 
we may experience a "snap," and with it, a sharp voltage spike 
across any inductive load we may be controlling with the power 
DMOSFET. A sharp snap conceivably could generate a voltage 
transient that exceeds the ViRR)DSS of the FET (E = L di/dt)! 
This is more fully explained in Chapter 5. 

Among the design options opened to us to reduce t,, are 
specialized doping and epitaxial growth, irradiation, and contour- 
ing of the diffusions. 


4.2.32 Q Charge 


Charge is an important parameter when we consider the switch- 
ing speed as well as the maximum operating frequency of the 
FET. All FETs (and all bipolar transistors) are charged-con- 
trolled devices. If we seek a high-current (mobile-charge) 
switching FET, we discover that we need a proportionally higher 
charge to excite the FET. Likewise if we wish to switch more 
swiftly, we must move the charge more quickly. It is how we 
move the charge that determines how we use the FET. In driv- 
ing our FET, as we add charge, Qt, to the gate electrode; 


108 ; Chapter 4 


across the dielectric we develop an equal charge, Q” (see 
Figure 1.7). Our so-called drain current Ip, represents this 
charge, albeit as a continually moving charge. 

Interestingly, charge is independent of temperature, which is 
one reason why we find the capacitive elements of a FET unaf- 
fected by changes in temperature - 


4.2.33 Qa (th) Gate Threshold Charge 


The amount of charge that we must supply to reach threshold 
is represented by Qe(th): 


4.2.34 Qg(on) Gate Turn-ON Charge 


The charge required to reach the specified Vos for 'ps(on) 
measurement is shown as Q econ): 


4.2.35 Qgm(on) Maximum Gate Turn-ON Charge 


The charge necessary to reach the maximum rated Vqgs, sym- 
bolized as Qpm(on) 18 superfluous for most applications. 
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Characterization, Part Il 
Parameter Action and Reaction 


5.1 Introduction 


In Chapter 4 we discussed how each parameter is achieved; now 
we learn how the parameters affect performance and how they 
interact one with another. 

Again, the phenomenological approach is taken, using, only 
a few equations, as in Chapter 4. Equations can express con- 
cepts that might otherwise be lost in words if only word pic-~ 
tures are used. 

Truthfully, parameters do not affect performance; they define 
performance. Nonetheless, in this chapter we take a critical look 
at parameters as if they did affect performance. In Chapter 7 
we give ample space to the interpretation of desired (and hoped 
for) performance. 

Indeed, parameters do interact; in fact, their interaction 
often become the Achilles’ heel of the design engineer, who must 
compromise design objectives to achieve a workable solution. As 
we examine the FET parameters, it would be unforgivable not to 
also examine this interaction. 


5.2 How Parameters Affect Performance 


As Chapters 3 and 4, we take each parameter in turn, and if 
the parameter behaves differently for different FETs, we examine 
its performance for each type of FET. 
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5.2.1 Viprypss Breakdown Voltage, Drain 
to Source 


The parameter quite obviously identifies the maximum allowable 
voltage that can appear across our device, therefore defining 
our absolute maximum operating voltage. In practice we would 
not operate a device at this specified limit. On earlier data 
sheets the symbol was identified as BVpcgog.- 

There are subtle (and not so subtle) reasons for operating 
well below the rated breakdown voltage, which are addressed in 
subsequent chapters. 


FETs (Small Signal} 


Remembering how we interpret this symbol, we recognize that 
the gate is tied to the source, making V;iprypss nearly (but 

not quite) identical to BVggg. The small-signal JFET seldom 

is specified using this symbol simply because to do so would 
offer no guarantee that source and drain could be interchanged. 
The V¢BR)DSS (for JFETs, more frequently identified as BVngg) 
offers no guarantee of source-gate breakdown, only drain-gate 
breakdown. 

However, for that special case of asymmetrical JFETs, such 
as the 2SK19 and 2SK152 (and others), this parameter has 
special significance in our understanding of the breakdown char- 
acteristics, since gate-source breakdown is much less than gate- 
drain. 


MOSFET (Small! Signal, Depletion Mode) 


Unlike the small-signal JFET, V(gpr)pss for the depletion-mode 
MOSFET also defines breakdown across the gate oxide to the 
drain diffusion. Since the test conditions imposed for this 
measurement require that the gate bias keep the MOSFET in the 
OFF condition (a fully depleted channel), we discover that our 
parameter, V(BR)DSS: defines the drain-gate breakdown. 

There are, however, other mechanisms of breakdown involved 
in the parameter VigprRypss- If, for example, we bias the 
MOSFET into conduction, we see the expected output character- 
istic that, if extended to breakdown, identifies a subtle but cer- 
tain relationship with Vgg, as shown in Figure 5.1. This 
phenomenon of channel breakdown is identified by the initial 
gradual increase in drain current, becoming quite abrupt as the 
drain voltage increases. 
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Drain Voltage 


Figure 5.1 Output characteristics of a small-signal MOSFET 
showing the effect of gate bias on breakdown as well as the 
body (substrate)-drain leakage — Note that the output 
characteristics are at least an erase jot magnitude larger than the 
substrate leakage currents. 


This gradual increase in drain current results from at least 
two causes. Since the channel is enhanced, we may attribute 
the majority of this increase in current to channel breakdown; 
additionally, we find carrier injection into the substrate from 
the drain diode formed by the drain diffusion and substrate. 

In Figure 5.1 we see a gradual increase in substrate current 
that becomes increasingly sharp as we approach V(BR)DSS: 

With the MOSFET biased OFF (Vas > Vasc off)?» we appear 
to identify two mechanisms that contribute to breakdown: the 
drain-to-gate breakdown, which also is dependent on Vos and 
the drain-to-substrate breakdown, which is not specifically iden- 
tified as V(BR)DSS. The latter is related to the p-n diode that 
exists in the MOSFET (see Figure 1.8). It is interesting to note 
that the former is influenced by Vqsg, as we saw in Figure 5.1. 

Since Vgg plays a role in establishing the breakdown voltage 
of the MOSFET, we should also expect that a relationship exists 
between ViBR)DSS and VGs(o ff): 

It is reasonable to expect that a thicker gate oxide will raise 
the breakdown voltage existing between drain and gate. In 
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Figure 5.2 The drain portion of an n-channel MOSFET showing 
the approximate form of the electric field lines under cutoff condi- 
tions. (From Richard S. C. Cobbold, Theory and Applications 

of Field-Effect Transistors, copyright © 1971, John Wiley & Sons. 
Reprinted by permission of John Wiley & Sona, Inc.) 


practice we can expect to withstand about 6 x 106 V/cm separa- 
tion. If we increase the thickness, we discover that along with 
increasing V(BR)DSS. we also have increased Vagoff): That 
is, it now takes a greater potential to effect cutoff. Additional- 
ly, as we thicken the gate oxide we reduce Cp, as well as Coq, 
but transconductance, gr,, suffers, as we saw from Eq. 4.10. 


MOSFET (Smoail Signal, Enhancement Mode) 


From an examination of Figure 1.8, it is reasonably clear that 
we have, as with the depletion-mode MOSFET, two areas in 
which breakdown can occur: at the drain-gate oxide, and at 
the pn (diode) interface formed by drain diffusion into the sub- 
strate. For this type of MOSFET, we find the breakdown 
phenomenon to be sensitive to the gate potential Vag. This 
relationship is believed to be due to the influence of the gate 
potential on the drain-substrate depletion region, shown in 
Figure 5.2, as well as, of course, to the close proximity of the 
gate to the drain. 


SIT 


Because of the unusual cross-section of the static-induction 
transistor, the parameter V(BR)DSS: does not specifically apply. 
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Rather, a parameter based on drain-gate breakdown is more 
appropriate (yet not BVgcs), which we might lable BVpgo— 
gate-drain with source not connected. For this device, break- 
down is determined from the electric field distribution, which, 
in turn, is more a function of the depletion region formed 
between the gate and the drain, as well as the carrier mobility, 
both of which depend on epi resistivity. 

To alleviate premature breakdown, the SIT, like most high- 
voltage transistors, relies on the judicious placement of field 
control elements (see Section 4.2.1). 

Several conflicts become obvious as we work to raise the 
breakdown voltage characteristics. Any lengthening of the gate- 
to-drain distance will tend to modify the output characteristics, 
and we see the SIT behaving less like a triode and trending 
more toward the classic JFET pentode characteristic, as in 
Figure 5.3. Yet, as the gate-drain distance is adjusted for 
optimum breakdown, gate control changes, resulting in changes 
in Vos(off)» the amplification factor »y (see Eq. 4.11), and 
transconductance (see Eq. 4.14). 

Quite unlike the JFET, the source-gate breakdown is gener- 
ally considerably less than the drain-gate breakdown. 
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Figure 5.3 Output characteristics of the static-induction transis- 
tor showing the effect of gate length (micrometers): (a) short 
gate, lu, (b) 2n, and (c) 4u. (From Yamaguchi and Kodera, "Op 
timum Design of Triode-Like JFETs by Two-Dimensional Computer 
Simulation," copyright © 1977, IEEE Transactions on Electron De- 
vices ED-24, 1061-69 (August 1977). Used with permission. ) 
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DMOSFET 


As we have seen in earlier chapters, the breakdown voltage of a 
power DMOSFET is not always a reflection of the channel param- 
eters but of the epi resistivity (see Eq. 4.5 and following dis- 
cussion), which, in turn, affects the ON resistance. What does 
affect the breakdown characteristics is the pn (channel-epi) 
junction as well as the field control elements. 

Avalanche breakdown, V(pR)pss, implies a sudden multi- 
plication of carriers, leading to such heavy currents that we 
have a disastrous thermal effect resulting in burnout. 

Since breakdown and ON resistance are intertwined (Eq. 4.5), 
so also are the parameters that depend on rps(on): In (Eq. 
3.1), Ipcon) (Section 4.2.10), Ipny (Section 4.12), Vpscon) 
(Section 4.2.3), and grg- AS ViBpR)DSS rises, we see the cur- 
rents decrease, the saturation voltage rise, and the transcon- 
ductance fall. 


CBT 


The breakdown characteristics of the insulated-gate bipolar 
transistor are closely analogous to that of the power bipolar 
transistor with an open base (for the n-channel IGBT, we refer 
to an open-base pnp structure, see Figure 1.20). Since, like 
the bipolar transistor, breakdown is first controlled by the 
terminations and second by the epi doping levels, we can antici- 
pate some interdependence between BVoyg and Ic. 


Sa aed V(BR)GSS Breakdown Voltage, Gate to 
Source 


This parameter has particular meaning for the small-signal JFET 
simply because it defines not only the gate-source breakdown 
but drain-source breakdown as well. This because the drain 
and source are electrically bonded for the measurement. 

Again, for those asymmetrical 2SK19 and 2SK 152, mentioned 
earlicr, this parameter holds little meaning aside from being 
known to be of a lower magnitude than V’prRypss: 
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3-2.3 Vps(on) ON State Drain-Source Voltage 
(also known as VsaT or Vps(sat)) 


This parameter, which applies principally to the characterization 
of power transistors, such as the power DMOSFET and the IGBT 
is the product of drain current and ON resistance: 


s 


V 1. R (5.1) 


DS(on)  ‘“D “DS¢(on) 


Thus we immediately are able to recognize its relationship to 
both the drain current and the ON resistance. Not that this 
parameter affects those parameters; quite the contrary, we see 
Vps(on) affected by them. 

Regardicss of our choice of transistor, we desire a low 
Vpsion): if for no other reason than to conserve power. Equa- 
tion 5.1 identifies the magnitude of voltage resulting from a 
finite ON resistance; Eq. 5.2 identifies the power lost: 


Py = Ib Ros(on) = Voscon) Ip 


(5.2) 
Unlike both the power bipolar (BJT) and the insulated-gate 
bipolar transistors, turn-OFF delay, tq(off), more commonly 
known as storage time, is little affected by Vps(on): What 
little effect we see focuses, in part, on the charge characteris- 
tics of the output capacitance. This value of capacitance is set 
by the ON voltage across the depletion region resident in the 
epi layer immediately beneath the body diffusion. As a result, 
a higher Vyscon) tends to offer a slightly faster turn-OFF! 
During the turn-ON switching cycle, when the magnitude of 
Vps drops below the magnitude of Vgsg (eventually stopping at 
VpS(on))» we discover a startling increase in the Miller capacitance 
(see Figure 5.4) that dramatically slows the time to achieve full 
saturation (Vpsc(on))- This is quite noticeable when viewing 
the drain voltage versus gate charge switching curves shown 
in Figure 5.5. 


9.2.4 Vos(f) Gate-Source Forward Voltage 
This voltage appHtes only to gold-eutuctic, die-attached JFETSs 


that utilize the underside of the chip as a gate contact. As a 
result of either contamination or improper soldering temperatures, 
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Figure 5.4 Effect of drain-gate voltage on the feedback capaci- 
tance Cyq during turn-ON of a power DMOSFET. When V 

g sank ‘ DS 
drops below Vqgs, a sudden and dramatic increase in Ceq occurs 
due to the flooding of carriers immediately beneath the gate ox- 
ide. 


the gold eutectic-to-silicon bond may revert into a low-grade 
(Au-Si) Schottky diode. When this occurs, we see severe per- 
formance degradation with respect to any gate-controlled param- 
eter, such as transconductance (gain) or noise figure. There 
is little or no effect on operating gate current Ic. 


oy ra VGS(off) Gate-Source Cutoff Voltage 


This parameter applies to any depletion-mode FET or MOSFET. 
Although Vasgoff) defines that gate voltage required to turn the 
FET OFF, it actually defines most of the critical electrical param- 
eters of the JFET. 
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Figure 5.5 Turn-ON charge characteristics of the typical power 
DMOSFET. The extended flat region of the gate charge is cause 
by the sudden increase in Coq shown in Figure 5.4. 


JFET 


Among the parameters affected directly by VGS (off) are Inss, 
Rps(on): and gfs, as well aS fog and the variation of Ipz (zero 


temperature coefficient drain current). 
Shockley's equation (Eq. 2.2) forms the basis of this inter- 


dependency for the JFET 


2 


Vv 
Gs 
I =] jie tee (5.3) 
p ~ !pnss ( Vaan 


from which we can derive most, if not all of the equations that 
define JFET performance. Differentiating Eq. 5.3 with respect 
to Vag provides us the equation for transconductance: 
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Figure 5.6 Cross-sectional view of the JFET showing the 
three critical channel dimensions that influence performance. 


I : 
So = * y_ oe 
GS(off) 


where K is generally presumed to be equal to 2, although in 
practice it may vary between 1.8 to 2.3 depending on the par- 
ticular geometry. 

The lateral (surface) dimensions of the JFET are established 
by the photolithographic process, but the cross-sectional di- 
mensions, as shown in Figure 5.6, are established by diffusion 
processing. Such variables as temperature and doping concen- 
trations will cause the p-doped gate to vary in depth (h) and 
width (L). These, in turn, vary the area of the JFET channel 
(WLT); which, in turn, affects performance. The relationships 
may be expressed by the following equations: 


tS 


Vescoff) KT (5.5) 
a 3 W 
Inss = KAT L (5.6) 
We can merge Eqs. 5.5 and 5.6 into Eq. 5.4: 
=K,T © (5.7) 


Be SO 3 L 
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Figure 5.7 This universal scaling chart (for JFETs only) is ap- 
plicable for any one geometry, of any one manufacturer, to ob- 
tain typical performance at other levels of gate-source cutoff 
voltage or saturation drain current. 


Note that VGs(off) is proportional to the square of the channel 
thickness T, whereas Ingg is proportional to the cube of chan- 
nel thickness. 
Throughout, K through K3 simply reflects numerical constants. 
We can combine Eqs. 5.5 and 5.6, and Eqs. 5.6 with 5.7: 


3/2 
Ings ( jossore mt 


7 (5.8) 
Inss6™  \Wescorry 6”? 

Ero |) (In gg i 

HR, (5.9) 
Erso (FT? ~\Ipgg 


which, when plotted, as provided in Figure 5.7, allows us to 
scale the operating parameters of any JFET geometry. 
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Not only does Voscoff) directly affect Ings and g¢,, it also 
affects Rys(on): 


2 
(Vascorty? 


— (5.10) 
pss‘ ascoff) 


R 


DS(on) * Ki V 


Gs? 


Since Rpsg(on) is tested at Vgg = 0, Eq. 5.10 simplifies to: 


_ Yescoff) 


R 
DS(on) K loss 


(5.11) 


Despite the simplification, when exercising this equation to 
derive the ON resistance, we must ascertain that our value of 
Ings is truly that zero-biased drain current when Vpg = V 
(see Eq. 2.1). Invariably, when we seek to pull these param- 
eters from a data sheet we discover that for Rpg on) Yps is 
kept at a very low value, say 0.1 V (always considerably less 
than Vp), but for Ipss, Vps is set generally higher than 10 V, 
many volts beyond Vp: Consequently, to simply use these 
equations (i.e., Eqs. 5.10 and 5.11) to confirm the recorded 
parameters will tend to be a frustrating experience. 


MOSFET (Depletion Mode} 


By now we recognize that the MOSFET has an insulated gate, 
not a diffused gate like the JFET. Therefore, we might not 
expect VGs(off) to have quite the same influence over the 
MOSFET parameters as it does with the JFET. 

Shockley's equation (Eq. 2.2, repeated in Eq. 5.3) does not 
apply to the performance of the depletion-mode MOSFET! Con- 
sequently, the derivations we examined for the JFET do not 
apply. For the saturated drain current Ings. the equation be- 
comes unwieldy, but for an approximation, we may begin by 
using: 

L, = ——__+—__, (5.12) 

“Ves — Vescorty? 


where, in this case, K identifies a complex constant based on 
the MOSFET geometry. 
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Transconductance, gra, is, as before, the derivative of Eq. 
Suk2, 
(5.13) 


Brg = KVeg — Vescorty? 


For both Eqs. 5.12 and 5.13, Vag exceeds Vaqgroff) and 
Vpg exceeds !(Vqgsg - Vasg(off))!. Ideally, once Vps = ! (Ves 
~ Vgscoff))!, both Ip (of Eq. 5.12) and gp, (of Eq. 5.13) 
saturate. Below saturation, Ip and g-y, are functions of both 
Vag and Vys: 


(Yos 
I, ® K Veg > Yescorey? ~ \72 


dl 


a D 
and Er, = Veg (5.14) 


Whether JFET or MOSFET, VGSs(off) is temperature dependent, 
For the JFET we observe a dependence equal to the usual pn- 
junction dependency, averaging —2.22 mV/°C. In other words, 
as the operating temperature rises for an n-channel (or p-chan- 
nel!) JFET, our cutoff voltage becomes increasingly more nega- 


tive. 


5.2.6 VGS(th) Threshold Voltage 


The threshold voltage applies to any enhancement-mode MOSFET, 
and, like Voscoff) for the depletion-mode MOSFET, this param- 
eter also affects several other parameters. Following Eqs. 5.12 
and 5.13, we have: 


I, 8 —___4*__, (5.15) 
20VGg 7 Vescthy? 


Again we assume that Vqg exceeds Vog(th) and Vpg exceeds 
(Vas - Vos(thy: As with the depletion-mode FET, when we 
operate below saturation, both Ip and Bp, are influenced by 
Vps, a8 Eq. 5.14 identifies (for the enhancement-mode MOSFET, 


Vascth) replaces VGgs(off) yi 
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Figure 5.8 Substrate bias may affect threshold due to the 
pseudo- gate effect. 


A disquieting influence on Vqsg th) may be the substrate bias 
(always maintained in the reverse bias mode). As this bias is 
increased, a JFET-like depletion region may adversely affect the 
ON state, appearing to force the threshold up and making a 
higher gate bias necessary to maintain drain-current conduction. 
The effect is depicted in Figure 5.8. 

The temperature effects on threshold are much the same as 
for VGS(off) for the JFET. An approximation for this depen- 
dency is: 


CN cel 


cs) - 
ar 2 ~ 2-501 Veg — Vegetny 


1] mv/°c (5.17) 
where n lies between 2 and 6, being dependent on the sub- 
strate doping. The term |Vqgs —- Voscth)! suggests that the 
dependency is a function of Ip; consequently, we find that the 
MOSFET can exhibit either positive, negative, or zero tempera- 
ture coefficeints depending on its drain current! This is true 
for MOSFETs in either mode (depletion or enhancement). 


5.2.7 Vp Pinch-Off Voltage 


The pinch-off voltage is often confused with Vas (oft): and for 
years these two terms were frequently used interchangeably 

despite the opposing polarities. As with Vosgcorf), both Inss 
and Rps(on) are functions of Vp- However, whenever we see 


Parameter Action and Reaction 125 


nN 
8 
a 


rs 
ve ra 
ye 
3 a 
VN 
= 452 
= Pe] 
co 100 a. 
ond Lo ] 
E Ds 
g 3 
BK 5 3 
as 0 
0 — —10 
Vestff) Gate—Source Voltage 
w0 
é 
wee 
2 
@ 
e 
@ 
& 50 
@ 
ro 
4 
© 
8 
0 
Q = —10 


Veseff) Gate-Source Voltage 


Figure 5.9 In manufacture, Vascoff) is determined by the depth 
of the gate diffusion. By measuring this parameter, we can 
closely estimate Ingg and gr, for a particular geometry. 


convenient curves depicting this relationship. as in Figure 5.9, 
we are cautioned to remember that the test conditions for these 
parameters may make catculation difficult (see Eq. 5.11 and 
accompanying text). 
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5.2.8 lA(R) Avalanche Current 


This term confirms ruggedness among power DMOSFETs of similar 
or identical description, generally when comparing vendors. Al- 
though seemingly a simple test, the results are depend on sev- 
eral variables, such as the size (and Q) of the unclamped induc- 
tor, the speed at which the power DMOSFET is switched OFF, 
and the supply voltage. 

The test closely resembles the mode 3 dV/dt test. Although 
the means of induced failure may differ, the physics of failure 
appears the same. Diode current Ig, flowing into the base 
dopant (see Figure 4.6b) develops a potential across the para- 
sitic base resistance that, in turn, triggers the parasitic bipolar 
ON. With the combination of drain voltage and "drain" (diode) 
current, hot-spotting results, lowering the turn-ON potential of 
the parasitic bipolar device. A thermal regeneration (meso- 
plasma formation) quickly occurs leading to runaway~—and ir- 
reversible failure. 


9.2.9 Ip Drain Current 


Perhaps more than any other single parameter, Ip directly af- 
fects the performance of FETs in many ways. 


JFET 


Establishing a drain current establishes the gain, or trans- 
conductance, grsg. If we opt for fixed-current bias (constant 
current), the gr, of a particular type will vary from JFET to 
JFET and with temperature. 

The output conductance is affected by In. As we bias our 
drain current further removed from Ingg (closer to cutoff), we 
discover a progressive lowering of g,¢: 


_V_ = _98 (5.18) 


where gi,, is that value of output conductance at Ings. 

In Chapter 4 we discovered the effect I, has on gate cur- 
rent, Ig, in small-signal JFETs (see Figure 4.8). 

Additionally, I, is important in defining the drift specifications 
of dual JFETs. Zero-drift dual JFETs may be derived mathe- 
matically: 
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2 
0.63 
I = J amar are (5.19) 
Cnet 


where Ipz is the zero-drift drain current. 
Differentiating Eq. 5.19 with respect to Ip, we produce a 
value, K, that identifies the drift per unit change of Ip: 


av -3 
_ GS(drift) = -—1 x 10 “ 
K = “gr. CC Viec (5.20) 


D (In /I yy? 
Since, as we see from Eq. 5.20, Vgg drift depends on I), the 
differential drift d may be greatly reduced by unbalancing the 
drain current between the two sides of the dual by an amount, 
al,: 

D°’ 


di. = (5.21) 


D 


|. 


where K is determined from Eq. 5.20. 


DMOS (Small Signal) 


An interesting phenomenon not immediately apparent is that the 
p-substrate (of n-channel DMOS) acts as a pseudo-gate to the 
enhanced channel when the FET is ON. As the drain current/ 
drain voltage rises, we again see the effect of “operating gate 
current," albeit it is, in reality. a substrate current! 


DMOSFET (Power) 


The parameter I, involves the power dissipation of the package, 
the ON resistance, and the transconductance ge,, of the tran- 
sistor. 

On the surface, it is this parameter that attracts the atten- 
tion of potential users of power transistors, for by it, in con- 
junction with the breakdown characteristics, does one often make 
‘a selection. 

We cannot overemphasize the importance of being familiar with 
the SOA (safe operating area) curves that usually accompany a 
data sheet before relying on this parameter during the selection 
process. We cover this, and other precautions relative to Ip in 
Chapter 6. 
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922.10 Ippon) ON State Drain Current 


Coupled with the test voltage used in its characterization (usual- 
ly twice Vps(on)), this parameter identifies the ON resistance 
Rps(on): Of the power DMOSFET. We need to question why, 
for many power DMOSFETs, the parameter Rngon) is not always 
characterized at In(on). When we study Ipm, we will see how 
drain current affects Rpg(on) 82nd Vpsjon): 

When a power DMOSFET is used as a switch, the major power 
loss is conduction loss, of which Ipn¢on) and Rpg(on) are the 
fundamental contributors (IR). 

Additionally, when we switch power DMOSFETs we discover 
that the Miller effect is closely associated with Ipcon)i the 
higher the current, the longer it takes for Vps(on) te be 
reached. This phenomenon becomes increasingly clear as we 
restudy Figure 4.25. Transconductance grz, is also affected by 
In(on): The higher the current, the higher the transconduc- 
tance, and the greater the Miller effect. 


5.2.11 I DCoff) Drain Cutoff Current 


This parameter specifically addresses JFETs used as switches. 
Since it is a leakage current, the larger the chip, the greater 
the value of Incorfy and, coincidentally, because of the larger 
chip, the lower the value of ON resistance, Ryscon): 

In the unlikely situation that In;off) were used to define 
Vascoff), the parameter would identify that voltage at which 
a set pinch-off current, (Ipcofpy), was achieved. It is a more 
likely occurrence that this parameter would be offered at a gate 
bias that lies beyond cutoff (Vqgg > | Vgsroff)!), thereby pro- 
viding a value of Ipnoff) always less than the cutoff current at 


VGS(off): 


$.2.12 Ipy Pulsed Drain Current 


Generally the parameter Ip, is found only in the absolute maxi- 
mum ratings column of power DMOSFETs. Although, to data, it 
has never been listed among the electrical characteristics of any 
data sheet, the parameter does offer important information. We 
know that JFETs, MOSFETs, and small-signal and power 
DMOSFETs exhibit current saturation. For the JFET and the 
depletion-mode MOSFET and DMOSFET, we can identify current 
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saturation by using the definition Ingg- Not so for the en- 
hancement-mode DMOSFET. Consequently, to know that we can 
drive the gate to achieve this level of drain current may be im- 
portant. 

Furthermore, we need to be prepared to expect a high Vps(on) 
[Inm 'ps(on)! and, in addition, to first check to see whether 
this possibly unexpected high (calculated) Vps(on) May even 
exceed our drain potential! If that were true we would be un- 
able to reach the peak current level without first increasing the 
drain potential. 

There are several additiona precautions to observe when 
operating a power DMOSFET at Ipm (or, for that matter, at Ip). 
First and most important is not to stray beyond the safe operat- 
ing region. Second, we need to be aware that the ON resistance 
of the power DMOSFET will, in all likelihood, exceed the data 
sheet value because of an effect called the pinch resistance. 

Pinch resistance results from the close proximity of the chan- 
nel diffusions of adjacent cells and the resulting depletion re- 
gions when a potential exists between source and drain. The 
equivalent circuit in Figure 5.10 identifies a JFET in series with 
the drain electrode. Comparing the cross-section of a DMOSFET 
(Figure 1.18) with that of a JFET (Figure 2.1), we see that the 
DMOSFET channel-depletion field acts very much like the JFET's 
gate-depletion field, pinching off the flow of current. 


Capacitance 
Drain-Body 


Drain 









"Pinch-FET” 


Gate Parasitic bipolar 


R R7 Body Resistance 


Source 


Figure 5.10 Electrical equivalent circuit of the n-channel power 
DMOSFET. Note the parasitic npn bipolar bridging from drain 
to source and the "pinch-FET" in series with the drain whose 
gate is common to the npn base and the DMOSFET body. 
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5.2.13 lpss Zero-Bias Drain Current 


The practical upper current limit for depletion-mode JFETs—pro- 
vided, of course, that the power rating for the FET has not al- 
ready been reached—is symbolized by Ingg- Conversely, for 
enhancement-mode MOSFETs, Ipss identifies the leakage current. 


Depletion-Mode JFET 


Equation 5.8 and 5.9 coupled with Figure 5.7 identify the tight 
relation that exists between Ings, Voscoff): and €fs- Examina- 
tion of a cross-sectional view of a JFET (Figure 5.6) helps put 
this into perspective. As the channel! beneath the gate en- 
larges, its capacity to conduct current also increases, its chan- 
nel resistance decreases (pushing transconductance up), and it 
takes a greater magnitude of cutoff voltage to effect pinch-off 
(see Figure 4.4). 


Depletion-Mode MOSFET 


Unlike the JFET, we are not inhibited from changing the polar- 
ity of an unprotected gate (a gate without a protective zener 
diode clamp). Therefore, I does not represent a current 
limitation. Instead, our current limitation is power dissipation. 
Although with depletion-mode FETs the parameter Insg Is 
often associated with the thought of a maximum saturation cur- 
rent limit, we need to remember that it simply identifies the 
drain-source current at zero gate bias. Once our gate polarity 
has assumed the polarity of the drain, our depletion-mode 
MOSFET reverts to enhancement-mode operation (but remains 
a depletion-mode MOSFET—remember that Ipgsg, in this case, is 
not a leakage current). As we further enhance the channel, it 
is natural to expect a lowering ON resistance and a rising 
transconductance. Not so! We recognize in Hght of Eq. 4.7 
that to modify the transconductance would require the ratio of 
differential drain current (dIp) to differential gate voltage 
(dVgs) to vary. As we saw in Figure 1.10, this does not 
generally occur. When the MOSFET's transfer characteristic 
exits the low Vagos) (or low Vagcth)) region, little change 
occurs. What Figure 1.10 does not show is that when the drain 
current enters into heavy saturation, the transconductance also 
saturation 
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Enhancement-Mode MOSFET 


As a leakage current, Ipngg identifies the "goodness" of the 
drain-body, pn, diffusion, and therefore, we find this param- 
eter to be sensitive to the drain voltage, as well as to the chip 
temperature (see Eqs. 4.3 and 4.4). For power DMOSFETs, 
this parameter may be characterized to ensure a hard breakdown 
characteristic. On the other hand, if Ipgsg is characterized at 
a drain voltage equal to V(BR)DSS: then Vc(BR)DSS must be 
characterized at a drain current equal to Ings! This is covered 
in Chapter 7. 

Although a high level of leakage is generally undesirable, 
nonetheless, as the Ings of a power DMOSFET rises, we see a 
tendency for a swifter minority-carrier recovery, and, there- 
fore, a shorter recovery time, tyy- 

Recognizing that this parameter is, in essence, a measure- 
ment of the body-drain diode leakage, we should recognize that 
reverse biasing the MOSFET gate will not lower this leakage! 
There will, of course, be less drain current as we drop the bias 
below threshold, but only because threshold is established at 
an arbitrary drain current above that specified as Ings. 


Static-induction Transistor and Insulated-Gate 
Bipolar Transistor 


Unlike either the conventional JFET or MOSFET, the zero- 
biased drain current does not define saturation. Since carriers 
are injected into the channel by virtue of the drain potential, it 
is insufficient to say that Insg (Vqgs = 0) alone identifies a 
presubscribed value of current. A drain potential is necessary, 
and as we saw in Figure 2.7, a zero-biased drain current is 
drain-voltage dependent. 

Since the IGBT has no drain, the term "Ipgg" has no mean- 
ing. 


5.2.14 [tg Operating Gate Current 


This parameter is meaningful only when defining the operating 
performance of a JFET. It is this parameter that offers a first- 
order definition of the d-c gate input resistance according to 
the equation, 


_ ‘og (5.22) 
in Ia 
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5.2.15 toss Gate Reverse Current 


For JFETs and MOSFETs, Igss identifies leakage in the reverse- 
biased mode. Often this parameter is used as a first-order 
definition of the d-e input resistance of the JFET gate. Yet, 
we must be careful, remembering that this parameter identifies 
drain and source electrically bonded together, making the test 
the combined reverse leakage between gate-to-drain and gate-to- 
source of an inoperable FET. Although Igqss may be used as u 
second-order approximation of the d-c input resistance of a 
JFET, it remains our only means of identifying the d-e input 
resistance of a MOSFET. 


5.2.16 Is Source Current, or Continuous 
Reverse Drain Current 


In conjunction at turn-OFF with the rate of decay, dIg/dt, this 
parameter plays a critical role in defining the reverse recovery 
time trr, of the power DMOSFET. 

We see two events related to Ig and dIg/dt. As the magni- 
tude of Ig varies, it influences the reverse recovery character- 
istics, as shown in Figure 5.11. As the source-current slew 
rate (dIg/dt) becomes more rapid, we find that the reverse 
recovery charge (Qyp,y) increases while the reverse recovery time 
(typ) decreases, as shown in Figure 5.12. 

A "step" in the recovery waveform as shown in Figure 5.13 
is known as snap recovery. If our power DMOSFET is driving 
an inductive load when this snap recovery occurs, a voltage 
spike dVpng/dt of extreme proportions may be generated accord- 
ing to the equation: 


V=L < (5.23) 


where L is the inductance in henry, and dlI/dt is the slew rate 
in amperes per second. 

A possible result of a snap recovery might be avalanche 
breakdown or, if the parasitic bipolar transistor becomes activa- 
ted, a catastrophic second breakdown. 
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—* time 


Figure 5.11 Reverse recovery time is directly affected by the 
magnitude of the source current as well as the slew rate of the 
current. 


time 


Figure 5.12 As dlp/dt increases, t,, decreases, but the area 
within the reverse recovery charge (Qrp) increases. 
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Figure 5.13 Effect of a "snap" recovery on drain voltage. 


5.2.17 DS(on) Drain-Source ON Resistance 


The rps(on affects many parameters regardless of our choice 
of FET. Regardless of FET type (or style) as rps(on) dimin- 
ishes, we see a proportional increase in the FET's capability to 
handle current. We likewise witness an increase in the parasitic 
capacitances that encompass the FET. And if we enlarge the 
geometry to achieve a lower rng(ony WE effect dramatic changes 
in yield and, therefore, cost. 


JFET 


The gate-source bias Vgsg, controls rps(on)- For any particular 
JFET at Vgg = 0, we have reached the lowest value of ON resis- 
tance, beyond which we cannot go. As the gate bias is manipu- 
lated to effect various conditions of rpnsg(on)» We see substantial 
changes in Ipsg, @fs, and gog, and more subtle changes in the 
parasitic capacitances Cygg, Cogs, and Crgs- 

To further decrease rpsg(on) We must enlarge the active 
area. The following offers an example of how the active area 
relates tO rpngion): 


Parameter Action and Reaction 135 





Active area PDS(on) 
0.475 x 9.475 25 
0.750 x 0.750 6 
1.100 x 1.100 2 


As the active area expands, so also does the chip size. As 
the chip size expands, we improve its thermal resistance and 
its ability to dissipate heat. What generally limits JFET per- 
formance is the header—or transistor package—where the chip 
is mounted. 

Based on what we have learned, it takes little imagination to 
appreciate that whatever we do to manipulate rngion) Will also 
affect many other parameters, in particular, Ings, gfg, and 


Vascoff)- 


MOSFET (Depletion Mode) 


Parameter interaction as rpg(on) changes closely emulates that 
which we experience with the JFET. To lower rps(on) of 8 
lateral, planar small-signal MOSFET requires widening the chan- 
nel, since further shortening of the channel is limited by the 
photolithographic masking techniques. As we widen the channel 
to further reduce rps(on), We also affect the threshold voltage, 
as well as the parasitic gate-channel and gate-substrate capac- 
itance. 


SIT 


Lowering rps(on) Of a static-induction transistor beyond what 
can be accomplished with bias is achieved much the same way 
as for the power DMOSFET. To preserve the breakdown voit- 
age, we parallel cells, enlarging the physical size of the geo- 
metry (chip). Adding cells directly affects several parameters 
such as transconductance gpg, drain current Ip, all the para- 
sitic capacitances, and the thermal resistance @jc. As the 
thermal resistance is improved (lowered), the power dissipation 
of the SIT may improve, if it is not already limited by the 
header (package). 
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Figure 5.14 The 'ps(on) of a power DMOSFET limits its safe 
operating region. 


DMOSFET (Power MOSFET} 


As we learned in the discussion accompanying Eq. 4.5, a power 
DMOSFET cell exhibits a definite relationship between V(BR)DSS 
and 'ns(on): If we wish to lower the ON resistance beyond 
what we can achieve with bias, we must parallel cells, reaping 
both the advantages and the disadvantages of a larger geometry. 

A major consideration involves the effect of rng(on) on the 
safe operating area (SOA)—more correctly, the active operating 
area—especially at lower drain voltages. We must not lose sight 
of Ohm's law, when studying the SOA of a power DMOSFET 
(Figure 5.14); Tnsgc(on) limits performance at low drain-source 
voltages. 

A larger geometry at a fixed V(BR)DSS (remember Eq. 4.5) 
offers a lower thermal resistance Rtp,jc, which, in turn, allows 
a higher value of drain current Ip (Eq. 3.1), and Ip(on).- 
Transconductance increases, the parasitic capacitances increase, 
and switching times increase (for the same gate drive). A 
larger geometry often suffers from proportionally higher leakage, 


Ipss: 
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9+2.18 Faston) Oynamic ON Resistance 


This parameter affects performance exactly as does the static 
d-c 'DS(on): 


525.49 Rene Thermai Resistance, Junction 
to Case 


In conjunction with Rtncs 8nd Rips, (sink to ambient), which 
together form Rinya, Rthgc forms the basis for determining the 
power rating of the transistor. As we reduce the thermal resis- 
tance, we are able to boost the current rating accordingly. 

For the greater majority of silicon junction transistors, the 
maximum operating chip temperature (T j) is generally set at 
150°C. To operate beyond this temperature may be risky in that 
few vendors offer guarantees of reliability. The FET, being a 
majority-carrier semiconductor, is, in essence, ou bulk silicon 
semiconductor whose temperature coefficient is positive. That 
is, as the temperature rises, so does the ON resistance 'ns(on)- 
For small-signal FETs and MOSFETs, the effect of this rise in 
chip resistance is generally neglected (although it is acutely 
visible if Ings is monitored), but for power FETs (SITs and 
DMOSFETs) the effect is significant. The 'DS(on) of some 
power DMOSFETs rises as much as 2.5 times the value establish- 
ed at 25°C! The effect of temperature on PDS(on) is Shown in 
Figure 5.15. 


5.2.20 Rincs Thermal Resistance, Case to 
Sink 


As we learned in Chapter 4, this is a user's decision—and an 
important one, to be sure. Based on our selection of the proper- 
ly packaged FET, we are able to influence the power-handling 
capability of a circuit. 


5.2.21 RithJA Thermal Resistance, Junction to 
Ambient 


The value of this parameter clinches the power performance of 
the transistor. Regardless of whether our selection is a small- 
signal JFET or the most massive IGBT, our ultimate power han- 
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Figure 5.15 Chip temperature effect on Tpns(on) for a power 
DMOSFET also depends on epi resistivity, which, in turn, af- 
fects the maximum operating voltage. As the breakdown voltage 
rises, its effect on rps(on) becomes more pronounced. 


dling depends on how well we have achieved a low thermal 
resistance from the chip itself (junction) through the heatsink 
to free, or forced air (ambient). The reader is reminded of 
the electrical analog of thermal resistance, shown in Figure 3.1. 


JEET 


If we take a JFET chip measuring 0.580 mm?, the power dissipa- 
tion in a TO-52 header is rated at 300 mW. The same chip 
mounted in a TO-205 header offers a power dissipation of 3 W, 
an improvement of 10:1! 


DOMOSFET (Power) 


Similarly, if we taken a chip measuring 1.90 mm2, the power 
dissipation in a TO-205 header is rated at 6.25 W. The same 
chip mounted in a TO-204 is rated at 25 W! 

As we improve Rypya, raising the power rating, we also 
improve the current-handling capability according to Eq. 3.1, 
repeated here for convenience. 


Py @ i. 1/2 
I. = (5.24) 


D "Dsi(on) ss Ty; 
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where the value r @T,, is obtained from Figure 5.15 by 
DS(on) J 

multiplying the normalized value ry, (the ordinate) by rpson) 

at 25°C, taken directly from the data sheet. 


5.2.22 Q¢, (also as g,,) Forward Transcon- 
ductance 


The forward conductance of a FET, measured in Siemens (for- 
merly in mhos), multiplied by the load resistance R,, in ohms, 
provides us the voltage gain 1. Voltage gain u (or Ay), 
multiplied by Cycgg (Cgq) gives the Miller capacitance Cin(eq) 
(see Eq. 4.25). This, in turn, can dramatically alter both 
frequency response and the rise time t,, of the circuit in which 
the FET is used. 

Additionally, in many applications, which we cover in Chap- 
ters 9 and 10, the transconductance gr, provides the tools to 
establish a variety of circult parameters. 


9.2.23 Go. Output Conductance 


The output conductance is the parameter that is identified as 
contributing to error in voltage gain calculations as well as in 
constant-current sources. For example, the voltage amplifica- 
tion wy of a JFET may be deduced from: 


=_— Err, (5.25) 


Piles 


gw 


But common as this equation may seem, it does not account for 
high values of output conductance, go,. A more exact equation 
for voltage amplification is: 


7 + 
e fs 1 Bos tL 


o 


(5.26) 


He) 


The importance of knowing the value of g,, now becomes glar- 
ingly evident. If gg, is small compéred to “UR then Eq. 5.25 
offers sufficient accuracy. 

Likewise we need to exercise caution when using FETs for 
constant-current sources, since any change in current is pro- 
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portional to the product of gp,,and the change in drain-source 
voltage (see also Eq. 5.18): 


dl. = dv (5.27) 


D DS®os 


When using FETs where the load resistance R,;, plays an 
important part in establishing the stage gain and/or bandwidth, 
the reciprocal of g,,. rp, must be considered to be parallel to 
Ry> 


5.2.24 Cie. Common-Source input Capacitance 


Like all the parasitic capacitances that surround the FET, Cj,, 
is a major source of performance degradation. By virtue of its 
shunting effect, it reduces gain and bandwidth, and because of 
the additional charge introduced, switching times are slowed. 

Perhaps the most insidious parasitic element within C;,. is 
the feedback capacitance C,q (also known as Cygg), which, with 
voltage gain y, establishes the Miller capacitance Cin(eq) (see 
Eq. 4.24). 

A universal equation can be used to define the switching 
time based on our knowledge of Cjp: 





V 
t = R,, C log (; SP | (5.28) 
GS(th) 


where 


Rg = driving (generator) impedance 
C = total input capacity, Cin(eq) 


if we consider the FET as an amplifier, this Cj), acting as 
an element of a low-pass filter, will cause the input voltage e,, 
to decrease as the frequency increases. A "figure of merit" 
may be derived that defines an upper frequency limit: 


f= (5.29) 
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The bandwidth (—3 dB rolloff) occurs when the reactance of 
Cin(eq) equals the generator impedance: 


1 


Ra eC =i 1 «aera (5.30) 
in(eq) 
5.2.25 Cy., Output Capacity 


Like its companions, C,., must be accorded its due. In FET 
switches, it contributes to a phenomenon not unlike the effects 
of storage time. That is, we see a slowing of the turn-OFF 
time tgcoffy, as we wait for Cos, to charge back to the rail po- 
tential. Of course for a particular FET, if we were to compare 
this delay to that sustained by the minority-carrier storage time 
of an equivalent-sized bipolar transistor, we would find the FET 
to be infinitely faster. 

In FET amplifiers for which bandwidth is critical, we need to 
include this output capacitance as a shunt element in parallel 
with the load. 


5.2.26 C... Reverse Transfer Capacitance 


S 
Otherwise known as Cod: the parameter Cy. is, of all the 
parasitic capacitances, the principal cause of performance de- 
gradation. In switching applications it contributes not only to 
the Miller effect (see Section 5.2.24), but to a phenomenon 
called charge injection. 

The charge transferred from gate to load, common in JFET 
sample and hold circuits (generally a holding capacitor), is 
given by: 


dQ = dV Cy (5.31) 
where 
aQ = charge transferred between gate and load capacitance 


Cc 
H 
dV = resulting error voltage 


The charge-transfer characteristics dQ vary considerably de- 
pending on the type of FET and the circuit used. Every com- 
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Figure 5.16 Gate-to-drain capacity C da? forms a voltage divider 
network with the holding capacitor Cy in any sample and hold 
circuit. 


bination must be measured. A simplistic equivalent circuit ap- 
pears as a capacitive voltage divider consisting of Cgg and Cy 
(see Figure 5.16). CMOS switches (the combination of comple- 
mentary n- and p-channel MOSFETs) offer a major advantage in 
combating charge transfer. Whatever charge is injected when 
the n-channel MOSFET is switched is (theoretically) removed by 
the p-channel MOSFET. This is somewhat visible in Figure 5.17. 
In amplifier applications, Cy, g, contribution to the Miller 
capacitance severely limits the gain bandwidth (GBW). For ex- 
ample, let us calculate the GBW of two FETs, both having a 
forward transconductance gy,, of 14 mS and Cog of 4.9 pF. The 
JFET has a Coq of 1.2 pF, whereas the other FET (a dual-gate 
MOSFET, or a pair of cascaded FETs) has a Coq of 0.2 pF: 


2 Efs 
GBW = 2 Wt J (5.932) 


in(eq) 


Solving for Cinceq) using Eq. 4.24, we use Eq. 5.32 to solve 
for GBW: 
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Figure 5.17. A comparison of charge coupling between JFET, 
CMOS, and DMOS analog switches. Charge coupling is difficult 
to quantify without making actual measurements because of the 
many hard-to-define variables. 
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3.2.27) ta(on) Turn-ON Delay Time 


Not only does tq(on) affect performance, but because of the 
depletion-dependent nature of the parasitic capacitances, as the 
gate-to-source potential changes, so does the gate-to-source 
capacitance. Before the FET actually begins its turn-ON cycle, 
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during the interval of tacon)? the gate charge brings the po- 
tential across the input capacitance C,,, to a point at which the 
gate is able to exert control. During this interlude the FET is 
inoperable and all parameters are static. 


5.2.28 t,. Rise Time 

Rise time indirectly affects other parameters, as well as, of 
course, performance. As the drain-source voltage collapses 
toward Voaq, both Cigg and Cy,, increase as the depletion 
fields collapse. As the drain current rises in magnitude, fol- 
lowed by the voltage gain yy, the Miller capacitance (Eq. 4.24) 
becomes predominant. 

We also need to accept an obvious conclusion: turn-ON time 
is not an instantaneous step function. Switching losses occur 
during this phase. For purely resistive loads, the loss is simply 
Ip(rms)4rpg(on) But for reactive loads, such as relays, 
motors, and transformers, the power factor contributes to addi- 
tional switching losses within the FET, as we see in Figure 5.18. 
The fact that power is lost in the transistor demonstrates that 
efficiency is also dependent on t,.. 

Depending on the power involved (magnitude of current and 
voltage, switching time, and duty cycle), t, may be detrimental 
to the safe operating area (SOA). 

Small FETs (rated at 1 W or less) seldom are specified with 
respect to SOA. Our only clue to mistreatment may be an unex- 
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Figure 5.18 The effect of power factor on the internal switch- 
ing losses of a power FET. 
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pected—and possibly unnoticed—temperature rise leading to 
premature or sudden failure. 


522.29 taloff) Turn-OFF Delay Time 


Nowhere as long as minority-carrier storage time of a similarly 
rated bipolar transistor, tq(ofr) identifies the time the FET re- 
mains ON, consuming power and increasing its junction tempera- 
ture, until Vqqg once again takes control of the gating action to 
begin the process of shutdown. As before, we find that the 
parasitic capacitances do not stand still as the gate-source volt- 
age moves. 


5.2.30 tye Fall Time 


This parameter restores the FET to its original nonconducting 
state with full drain voltage impressed and no current, other 
than leakage current, passing between drain and source. 

As we witnessed with rise time, because of the rapidly chang- 
ing drain current dl,, the Miller effect predominates (see Eq. 
4.24), greatly affecting Cin(eq): 


5.2.31 t,, Reverse Recovery Time 


The time that reverse current is passing through the body- 
drain diode of the power DMOSFET is represented by t,,. Be- 
cause of the characteristically slow diode recovery, in many 
applications involving more than one DMOSFET, we may experi- 
ence excessive power dissipation, and possible destructive cur- 
rent spiking at higher switching frequencies. 


5.2.32 Q Charge 


In essence, the charge Q is what makes the FET work. As we 
alter charge, we alter current. Change the charge on the gate, 
and the drain current follows suit. Change the charge in the 
body-drain diode during reverse recovery, and we change the 
reverse recovery time. Even the transit time of the semicon- 
ductor is influenced by charge. Charge plays a critical role in 
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the switching time. Equation 5.28 could be rewritten to reflect 
the more universal influence of charge: 


Vv 

_ Q| ( GS 

t=R (2 ioe (5.33) 
Gl¥ Vescth) 


5.2.33 Qo(th) Gate Threshold Charge 


This parameter and C,,, can be in disagreement despite Eq. 
4.23 (and Figure 4.265 simply because Co, reflects all the gate- 
source capacity including both active and passive, whereas 
Qe(th) should identify only the contribution of active capaci- 
tance: the capacitance that contributes to device operation. 


5.2.34 Qg(on) Gate Turn-ON Charge 


We use Q,(on) to bring the DMOSFET to full ON. The drain - 
source voltage Vns equals Vpns(on)> °F VsaT: 


5.2.35 dV/dt (Mode 3) 


The parameter adV/dt occurs as a dynamic test of the power 
DMOSFET when the body-drain diode is at its peak of current 
conduction, a fast slew drain voltage forces this diode current 
(collector-base current) to bias the parasitic bipolar transistor 
into conduction. Since BVcgo (of the bipolar) is much less 
than V(BR)DSS: burnout occurs. 
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Thermal Relationships 
and Ther Impact Upon Performance 


6.1 [Introduction 


The principal cause of failure of any transistor is excessive 
heat. Regardless of the size of our FET, if we are careless 
in our understanding of its thermal characteristics, a blunder 
may soon result in catastrophic failure! 

Nearly all the characteristics of FETs (with the notable ex- 
ception of their parasitic capacitances and switching times) are 
sensitive to the internal junction temperature of the device. 
Since the electrical characteristics, or data sheet ratings, are 
merely design limits, they too depend on the junction tempera- 
ture. 

Despite observations that may appear to contradict this 
statement, the bulk resistance of all FETs has a positive tem- 
perature coefficient with respect to rpS(on): That is, as the 
junction temperature rises, rpg(on) also rises. If, in our ap- 
plication, we inadvertently or otherwise have the drain current 
In, under the control of external influences (a current source 
or an inductor), we will more than likely force a regenerative 
thermal effect, popularity known as thermal runaway. For 
smali-signal JPFETs and MOSFETs this regenerative effect may 
be less dramatic than it would be with a power FET. 

To bring the temperature problem close to home, let us con- 
sider two common exercises: first, the examination of Ipgg of 
a small-signal JFET; second, an attempt at confirming the 
'DS(on) of a power DMOSFET. 
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The easiest solution for both exercises is to use the Tektronix 
curve-tracing oscilloscope, which allows both static and pulsed 
measurements. Suppose, however, that in our haste we commit 
two fundamental errors: since pulsed measurements are more 
arduous to see, we (1) choose the static mode and (2) fail to 
attach a suitable heatsink to either FET case. 

What happens when we try to measure Inss of the small- 
signal JFET? We may see the output characteristics drift down- 
ward across the scope. Any guess as to the value of Insgg would 
be just that—a guess. 

What happens when we try measuring rpgion) Of a power 
DMOSFET? There is an excellent chance that the measured 
value will exceed the data sheet specification. 

These scenarios are, of course, superficial, but they illustrate 
frequently perpetrated errors. In both situations there was 
failure to appreciate the effect of chip temperature Tj, on 
'ps(on) (see Figure 5.15). As the chip temperature rises, con- 
duction losses (Ip*rpscony? rise, which, in turn, increases the 
chip temperature. A regenerative runaway cycle begins. 

Data sheets provide electrical characteristics at either 25°C 
case (Tc) or ambient (Ta) temperature. Only when the FET is 
operated at the prescribed temperature will it meet the data sheet 
specifications. Therefore—if we wish our FET to perform as we 
have every right to expect—we need to thoroughly understand 
the thermal requirements and the methods of heatsinking. 


6.2 Are Heatsinks Necessary? 


In some instances, perhaps not. However, before we draw that 
conclusion, we must evaluate each situation. Without a doubt 
the singular cause of semiconductor failure is the generation of 
excessive junction heat. In our quest for long-term reliability, 
studies have established a maximum junction temperature Tj( max) 
of silicon in the vicinity of 150°C; for germanium, T sg 
80°C. These, of course, are not absolutes: some manufacturers 
have rated silicon power devices at 175 to 200°C, and germanium 
power devices to 100°C, 

A rule of thumb suggests that every 10°C rise beyond the 
maximum safe T; reduces the life expectancy of the device by 
50%! 

Any good semiconductor data sheet will offer, with the power 
rating, either a thermal resistance specification Rypjc, or a 
thermal (power) derating specification. Thermal resistance may 
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be identified by the dimension— degrees Celsius per watt (°C/W). 
Thermal derating is the reciprocal (W/°C). Smail-signal FETs 
may have either the thermal resistunce or derating factor in 
milliwatts (mW). A FET with a thermal resistance Rypyc, of 
5°C/W has a derating factor of 0.2 W/°C, and if it dissipates 

5 W, its junction temperature is 5 x 5 = 25°C above its case. 
The equation for the junction temperature is: 


}+T (6.1) 


T, = [P C 


diss ®tnac 
If we fix the maximum operating temperature Ti(mgy)> at 
150°C, the derating factor, D.F., identifies a maximum power 
dissipation of 25 W at a case temperature T,, of 25°C: 


P iss (@ To) = (T = TQOD.-F. (6.2) 


j(max) 


6.2.1 How Do We Answer the Question? 


We first need to establish the maximum operating temperature 
of the FET. That parameter is supplied by the vendor and is 
usually found on the data sheet under the column labeled "Ab- 
solute Maximum Ratings" as one of the following: 


Maximum operating temperature 
Operating temperature range 
Operating junction and storage temperature range 


Generally, for silicon, we should expect to see temperatures 
ranging from 150 to 200°C. 

Next, we search for the power rating of the package. In 
the same column, this should be offered as "Total device dissipa- 
tion at Ty = 25°C." 

It is important to note if the temperature is specified either 
as "free air," more properly known as ambient (TA), or as case 
(Tc), with this rating should be a power derating specification 
(the word "power" may be omitted). 

In Chapter 5 we compared the performance of a depletion - 
mode, small-signal FET (JFET) chip measuring 0.580 mm pack- 
aged in a TO-52 header with a power rating of 300 mW and in 
a TO-205 header with a power rating of IW. 

An overly cautious first step might be to question the ratings 
themselves. How can we be sure that the TO-52 header will 
dissipate 300 mW in an ambient environment (Ta) of 25°C? 
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We can measure it! There are a variety of methods, some 
quite sophisticated, some not. All we need for the latter is a 
curve-tracing oscilloscope, a temperature-controlled oven, and 
a single well-founded assumption. 

Our assumption is that when pulsing a zero-biased JFET at 
Insg- insignificant power is dissipated in the chip. If this is 
true (and we assume that it is), then the junction temperature 
T,, equals the case temperature Tc, and also equals the am- 
bient Ta, so we have: 


BD etc =T, (6.3) 


Small-Signal FETs 


A JFET exhibits a negative temperature coefficient, meaning 
that as T; rises, Inss drops. Conversely, we may say that a 
JFET (indead, any FET) exhibits a positive temperature coef- 
ficient for 'ps(on)> which rises with increasing temperature. 
By placing the JFET in the oven and monitoring Ipssg as we in- 
crease the temperature, we can plot the change in Ipss, as we 
show in Figure 6.1. 

Armed with this information, we have what we can label as a 
temperature-sensitive parameter (TSP) for that particular geo- 
metry. That is, we can now measure Ingg and know the junc- 
tion temperature Tj; irrespective of either ambient or case tem- 
perature! However, since we are looking for a confirmation of 
the JFET's total device dissipation, it is important to reduce 
the likelihood of either conduction or convection cooling during 
the tests to be described. 

Having calibrated the TSP of our FET, we begin with the 
oven (and JFET) at 25°C, but we no longer pulse our test. 
Rather, Ipgg is measured in the steady state. With | Vpg| 
> | Voscofty! » when Ipnsg stops its downward drift we can 
identify T;, as we show in Figure 6.1. 

Quite likely in this exercise our value of T; may be less than 
the rated maximum operating temperature. To firmly establish 
the maximum power dissipation, we need only adjust our Vng 
upward—while carefully monitoring Ipss— until Tj max) is 
reached. At that moment, our maximum power dissipation (at 


Ty max)? is simply: 


Poiss(max) ~ Ipss Yps (6.4) 
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Figure 5.1 The drain saturation current Ing, as a temperature- 
sensitive parameter (TSP) becomes the principal tool in determin- 
ing the thermal characteristics of the JFET. The smooth curves 
show the effect of temperature on pulsed Ings. Crosses iden- 
tify the measured Ings under power, from which the respective 
junction temperatures are easily read. 


Some JFETs may have a high value of gg, that would cause 
the measured value of Ingg to rise with a rising Vpg, which 
would tend to introduce error into Eq. 6.4. In that case we 
need only extrapolate the measured data as shown, An ordin- 
ate, calibrated in Ip, rising at Tj(max). intersected by a 
straight-line projection originating at Ta = 25°C and passing 
through the measured value of Incs, provides the value of Ip 
used in the simple equation for maximum power dissipation: 


pisses DD "DS/T =k (6.5) 


The manufacturer of this JFET further claims that when 
packaged in a TO-205, 3 W dissipation is guaranteed if the case 
is held at 25°C, 
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Those experienced in the art may appreciate that this is 
easier said than done. The difficulty of making the measure- 
ments above with the JFET firmly embedded in a 25°C heatsink 
is compounded by the continual flow of heat from the JFET case 
to the heatsink. In all likelihood, the heatsink temperature in 
the immediate vicinity of the JFET case will not remain at 25°C 
without special effort on our part (notwithstanding that for all 
JFETs mounted in the TO-205, the gate connection is the case, 
which requires us to electrically isolate the heatsink). 

To succeed in this task we place a small (no. 30 AWG) ther- 
mocouple on the surface of the header between the leads, to be 
directly beneath the chip. Operating at Ingg we read the tem- 
perature measured by the thermocouple and extrapolate to Ip 
as described above (for Figure 6.1). We assume the thermal 
resistance to be constant and scale upward (the opposite of 
derate) the device performance to 25°C. 


Power DMOSFETs 


Enhancement-mode FETs, such as power DMOSFETs, may be 
characterized similarly. As before, we need to establish a TSP, 
or K-factor. For the power DMOSFET the body-drain diode is 
the likely candidate and the calibration procedure follows that 
for Ipgs, except, of course, we measure the forward diode volt- 
age Vsp, instead, at a low Ig current of a few milliamperes. 

The magnitude of this diode current must be such that the 
diode is ON; furthermore as we span the temperature range 
(25 to -150°C) Vgp must decrease linearly with increasing tem- 
perature. 

With the case well heatsinked and a thermocouple placed on 
the base of the header central to the chip location, we pulse the 
drain current-——heating the chip while current flows—-and mea- 
sure Vgp (diode forward voltage) when the current is OFF. 
Since the diode has been calibrated (our TSP), we are able to 
determine the chip temperature. The procedure is a bit com- 
plicated, as shown in Figure 6.2, and often requires some ad- 
vanced test equipment. Monitoring the case temperature with 
the thermocouple and the chip temperature with the calibrated 
body-drain diode and knowing the d-c power (Vps Ip), we can 
scale upward to determine the maximum power dissipation at 
To = 25°C. 

The slope of our derating curve represents the Hnear de- 
rating factor; its reciprocal is the thermal resistance Ringe: 


Thermal Relationships 155 


me 
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Co 
Vg = Vag(m) 
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Figure 6.2 (a) The K~-factor calibration setup, and (b) a ther- 
mal impedance measurement circuit using the "source-drain" 

method from MIL-STD-750C, Method 3161. Both tests are easily 
performed using the Sage model 230, 235, and 240 Star systems. 
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At this point we know, or have confirmed, the following 
for the small-signal FET: 


Maximum junction temperature, Tj(max) 
Maximum power dissipation at Ta = 25°C 
Thermal resistance, chip to case, Rtpjc 
Linear derating factor 


Our confirmation of the power DMOSFET includes the above but 
modified to show maximum power dissipation at Tq = 25°C. 

If we plan to use this 300 mW JFET at power levels under 
300 mW at ambient room temperatures, we will not need a heat- 
sink. On the other hand, if we plan to operate at elevated 
temperatures, we need to refer to the linear derating factor to 
determine our maximum free-air power limit. This may also be 
expressed as follows: 


Ticmax) ~ ’ ¢max)®tnsc * 7A (6.6) 
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or 


i 


eu aoe & 

(max ) A 

P eT, = (6.7) 
(max) A Rinsc | 


But what if we wish to operate at a power level higher than 
what Eq. 6.7 allows? The answer is obvious: we need a heat- 
sink. 

Our problem with the power DMOSFET is more complicated, 
since it is rated at a case temperature, To, of 25°C. Immedi- 
ately we sense that a heatsink is necessary unless we were able 
to operate at considerably reduced power levels. With power 
transistors rated at Tc, we may substitute Tp, for TA in Eqs. 
6.6 and 6.7. 


6.2.2 What Size Heatsink? 


If we wish to operate at power levels higher than the transistor 
allows, we must remove as much heat from the junction as pos- 
sible. The sole function of the heatsink is to lower Rin;pca— 
the thermal resistance between case and ambient. 

Using a heatsink modifies Eq. 6.7 as follows: 


doe —- T 
- j(max) A 
Y (nan) @ Ta ~ R +R (8-9) 
thJc thcA 


where Rtnca includes the thermal resistance of the heatsink. 


R (6.9) 


R thcs * “thsa 


thcea > ® 


This equation emphasizes the importance of knowing the 
thermal resistance of a heatsink. We do not just pick up any 
heatsink; we select the right heatsink for the job. A useful 
guesstimate of thermal efficiency of a finned heatsink that relies 
solely on natural convection cooling is provided in Figure 6.3. 
Of course, once our ambient temperature has reached the maxi- 
mum operating temperature of the junction, T max)? "0 heat- 
sink can help; our derating factor has reduced our maximum 
power to zero! 

If our application demands higher ambient temperatures, we 
can judiciously raise our value for Ti¢(max)> and, using the 
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Figure 6.3 Steady-state thermal resistance of a finned heatsink 
in still air. 


equations, derive new thermal characteristics. But unless spec- 
ial precautions were undertaken by the vendor, such experi- 
mentation may shorten the lifetime of the transistor. Studies 
show that the maximum allowable die temperature is inversely 
related to contaminants resident within the semiconductor. Con- 
taminants migrate at a rate determined by temperature and 
applied voltage. A useful test to determine the suitability of 
operating at temperatures above the normal data sheet rating 
would be to subject the FET to a high-temperature reverse (gate) 
bias test (HTRB). Equipment users are cautioned to always 
obtain a reliability report from the vendor before subjecting 
FETs to operating temperatures higher than those specified on 


the data sheet. 


6.3 Safe Operating Area 


The safe operating area (SOA), presented graphically, has been 
the mainstay of the power bipolar transistor for years. More 


158 Chapter 6 







Peak Current 







N 
= \ \ a Ops 
‘\ 

€ 19 eS 1100 ps 
va ‘NX 

5 ~ SN 

a Operation in this NN Slams 
c area is limited by \ ) 

nw 'DS (on) ae | 
oO; j}Oms 
= 


T= 150°C 





+00 1000 


10 
Vos Crain Source Voltage (V) 


Figure 6.4 Safe operating area of the typical power DMOSFET 
is bounded by three dimensions: breakdown V;gprypss: power 
dissipation (or thermal limit), and peak current. A more in- 
sidious limit is DS(on): which affects the minimum VsarT: 


recently we have seen the SOA curve on power FET data sheets. 
Although we may feel more comfortable having these data at 
hand, we must not lose sight of the fact that the SOA data 
apply only to a single pulse! The SOA itself does not represent 
a steady-state condition. If we plan to use the power FET in 
other than a one-shot, pulse-driven application, the SOA data 
will offer little comfort. 

Unlike the SOA of the power bipolar transistor, the power 
DMOSFET's SOA (Figure 6.4) identifies a few interesting 
anomalies: (1) no second breakdown and (2) if compared with 
an equivalent-rated power bipolar transistor, the FET offers a 
higher pulse power capability. 

The safe operating area curves are derived from the transient 
thermal impedance curves for a single pulse. 
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6.4 Transient Thermal Impedance 


In Figure 3.1, we presented a simplified electrical analog for a 
FET operating in the steady state. Using the parameters offered 
in this figure, we can determine the operating chip temperature 
Tj: 

(6.10) 


T. = T, + (R +R +R »P 


{° 7A thIC  “thcCS ” “thSA’'T 


The series enclosed by parentheses can be further simplified to 
reflect the total junction-to-ambient thermal resistance: 


e 11 

Ringa * Ringe * Btnos * Pensa (6.11) 
Therefore, 

5 6.12 

T]= Ty + Ringe? Po (6.12) 


where Pop is the total power dissipated by the FET. 

Equation 6.12 is, for all intents, identical to Eq. 6.1, if we 
substitute To for Ta. 

It is not difficult to envision the means by which the transi- 
ent thermal impedance curve (Figure 6.5) is generated. The 
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Figure 6.5 Transient thermal impedance depends on chip area, 
the thermal resistance of the header, and the applied power 
duty cycle. 
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Figure 6.6 Simplified thermal analog with capacitors represent- 
ing the thermal mass of each element. 


power transistor has mass, to which each element in the tran- 
sistor contributes: the semiconductor chip, the case (or header), 
and the heatsink, if one is used. Each component of mass has 

a thermal response; it takes a finite time to absorb~—and dissi- 
pate—heat. We can use the analogy by adding to Figure 3.1 

a series of capacitors representing this mass, as shown in 

Figure 6.6. 

If we were to turn on the power FET, we would expect the 
chip temperature to rise to an operating level in a finite amount 
of time t. In Figure 6.7, this is shown to be the steady-state 
level. However, if we turned the FET off after a short interval 
(milliseconds), we would also expect to see a thermal decay 
(dissipation), depending on the storage capacity of the individual 
elements. This is also illustrated in Figure 6.7. We expect T 
to rise proportionally to the peak power applied, and to the 
length of time the power was applied (tp)- 

Whereas before we were involved in power ratings, thermal 
resistances, and derating factors, we now have added a new 
dimension—a time-dependent factor r(t). 

To account for thermal capacity, this time-dependent factor 
must be applied to the steady-state thermal resistance: 


= r(t) Rene (6.13) 


R nJC(t) 
For very short pulses of power r(t) is small; but as the length 
of time the power is applied (pulse width—t,,) is increased, r(t) 
approaches unity. At unity, the transient fhermal resistance 
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Figure 6.7 Temperature buildup and subsequent thermal decay 
for one power cycle. 


equals the steady-state value and Figure 6.5 begins to become 
believable. 

To this point our concern has centered on a single pulse. 
Most applications are not that simple. Fortunately the transient 
thermal impedance curve provides for repetitive pulses. The 
duty factor D is: 


(6.14) 


) 
| 
- ko” 


6.4.1 Using the Transient Thermal Impedance 
Data 


Some conditions must be recognized as having prevailed as we 
studied Figure 6.5. Perhaps the most fundamental is that we 
assumed our pulse to be rectangular. Regrettably, that condi- 
tion seldom occurs. 


Handling Nonrectangular Power Pulses 


Rather than delve into complex wave analysis, we can make 
simple approximations to achieve reasonable solutions. 

1. For a puise that is nearly rectangular, we let the am- 
plitude remain but adjust the width to equalize the energy. 
That is, we maintain equal area. 

2. Sine wave and triangular power pulses may be modeled 
by setting the amplitude at 70% of the peak and the width to 
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91% of the baseline width for the sine wave and 71% for the tri- 
angular wave. 

For more complicated power pulse waveshapes, the reader is 
encouraged to consult the references concluding the chapter. 
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How to Read a Data Sheet 
and Understand What You Are Reading 


7.1 Introduction 


If you have ever used a FET and found that it does not perform 
as expected, perhaps you misread the data sheet. Of course, 
you may have read the data sheet correctly; perhaps you dis- 
obeyed the design rules. In either case, you probably should 
reexamine the data sheet. 

On the other hand, quite likely you are concerned that the 
performance of the FET you are using appears to differ from 
that of others you have used having the same part number. 
There are at least two probable reasons for this. First, take 
careful note of the data sheet parameters: they are anything 
but tight. Many FET data sheets offer wide-ranging values of 
either Vqscoff) °F Vasc(th), beth of which are critical param- 
eters for establishing performance. Second, FETs from different 
manufacturers may differ in performance. All we should expect 
is that the FET perform within the limits of the data sheet. 

Once you realize that the data sheet is a form of advertising 
(and there are no laws regulating truth in advertising for data 
sheets), you may (and should) be on your guard. For example, 
if the ubiquitous IRF230, fabricated by at least four manufac- 
turers, were exactly the same from each, what would be the in- 
centive to buy from any one vendor, aside from price and de- 
livery? Yet, you may say that if a device meets the data sheet 
specifications, all samples of it should be identical. Not so. 
Perhaps the data sheet offers leeway for significant variation 
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between vendors. What then is, your strategy to assure your- 
self that you have the best product for a particular application? 

An interesting exercise would be to open these four IRF230s 
and compare the semiconductor geometry in each header. You 
might not need a microscope to see dramatic physical differences! 

On the other hand, do not be misled thinking that a JEDEC- 
registered data sheet (2N####) offers security against trouble- 
some specifications. The committee that issues registration has 
no policing power. Your best insurance is to know what spec- 
ifications are important. Then determine whether they have 
been adequately identified on the data sheet and, if you have 
any questions, ask the vendor. 

This chapter does not tead you through every facet of the 
data sheet. The sole intent of this chapter is to acquaint you 
you with data sheet specifications that may not be entirely what 
they at first seem to be. 


7.2 Pitfalls and Dilemmas 


We have covered several varieties of FETs, and since their data 
sheets are too dissimilar to allow direct comparison, we must 
focus on each type of FET. 


7.2.1 Scrutinizing the Small-Signal JFET 
Data Sheet 


There are three basic data sheet formats that identify the JFET's 
intended application: 


1, The switching JFET (Figure 7.1) 
2. The amplifier JFET (Figure 7.2) 
3. The differential-pair JFET (Figure 7.3) 


We can give each of these data sheets cursory examination to 
discover the intended application. By comparing Figures 7.1 
and 7.2 we see the obvious. The switching JFET data sheet for 
the 2N4391 series offers several parameters not found on the 
amplifier JFET data sheet. Likewise the amplifier JFET data 
sheet for the 2N4867 series offers parameters not found on the 
switching JFET data sheet. 
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Figure 7.1 2N4391-3 Switching JFET data sheet. (Reprinted 


with permission of Siliconix inc.) 
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Figure 7.2 2N4867-9 Amplifier JFET data sheet. (Reprinted 
with permission of Siliconix inc.) 


SECON S31NIS GINdIITad 


V6989NZ 6989NT V898PNZ S9BYNT VZ98UNZ L9O8YNZ 


How To Read a Data Sheet 167 


matched dual a 
n-channel JFETs 
designed for orth riaslhg-ahddeedoay) Curves NCB 


m Wideband Differential BENEFITS 





Amplifiers © High Gain 
7500 pmho Minimum ge, 

= Commutators @ Specified Matching Characteristics 
*ABSOLUTE MAXIMUM RATINGS (25°C) 
Gate-Gate Voltage ...... 00... cece ee eee +BO V B10 Od, 
Gate-Drain or Gate-Source Voltage .............. -A0V 
Gate Current ....-. ccc ee icesive ces SOMA a, a, 
Device Dissipation (Each Side), Ta = 25°C 10 O% 

(Derate 2.2 MWC). .... eee eee 325 mW 
Total Device Dissipation, Ta = 25°C “ 

(Derate 3.9 MWC)... ccc cee tee eas 660 mW WA ONG 
Storage Tamperature Range... .. ie ee dh . ~65 to +200°C Ges 
Lead Temperature oS 

(1/18" from case for 10 seconds} ............... 300°C ecaas View 


*ELECTRICAL CHARACTERISTICS (25°C unless otherwise noted) 


Cheracteristie | Min | Mex | Unt | Your Condinons 

















a 2a er = 
21, 200 |_| 160°C 

3] +} 8Vess Gate Source Breskdown Voilage | 40 f 1g = -1 HA, Vog 9 0 

4 i VGSiott Gare Source Cutoff Voltage | 06 | 3] ov Vose 18 Vip e ind 

6 Vosin Gate Suuce Votiage FT Vos° OV. Ig *2mAa 

S| ¢ [Togs ~~~ Saetawon Oram Contest eame W800 | [vg 18 vg 8 

? 'OStoa) State Oran Source ON Aaustanice an ee Ins IMAL Vgg © 0 

8 ea Common: Saurce Farwatt! Transconductence | G08 | 12.500 | elas 

iow. 1) y_2000 || amo (= 100 Mii 

9] vi a, Common Smuce Output Conductence nee ae te UkHa 
10 cess Common Source Reverse Transter Capacitance hee ae VoG "SV. tp = 2mA tet Mrs 
"1 Cin Common: Source (nput Capacitance eee a 
12 NF Sout Nowe Figure es eee t= 30 Hz, Rg 2 1M 





3| | ¥, Equivalent Short Cireust input Nowe Voltage Ff We {= 10 He 
mie nares {mJ 
Cherecteristics Pet ms Test Condi pone 


(pss? Saturation Oran Cursens 
"9 1Oss? Ratio (Notes # and 23 Vos IS V.Vgs5 =0 
tt x 
16 ]$[ wesr-vaset Gurmernmcwwsonce || | | of | ml ov | 
Tas 26°C 


4NGS)-¥G52! Gas-Soures Voltage pve Ty = 125°C 


18 |] aT Difterantiat Dest (None 3) c | Vos" '8V.io-2m& [Tec 
Tg * 28°C 
Wis? Tranwconduclence atic * 
"LL ne (Neem 1 nd 3 eee a ae: oer 


"JEDEC registered data. wca 


NOTES; 

1. Pulse tant eaquised, pulse wictth 300 ys, duty cycle % 2% 1 
2. Asmames emailer value in numarelor ‘ 
J. Messured st ends punts, Ta end Ty 





Figure 7,3 2N5564-66 Dual JFET data sheet. (Reprinted with 
permission of Siliconix inc.) 
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Comparing Figures 7.1 and 7.2, we find: 


Switching JFET Amplifier JFET 
"DS(on) E fs 
Vps(on) Bos 
In coff) NF 
S acon) en 
te 
*acoff) 
¢ 


All these symbols have been fully covered in Chapter 3. 

If the headline of the data sheet does not clearly identify 
application, surely the symbols leave no doubt. The differen- 
tial-pair JFET (Figure 7.3) is equally obvious; it may provide 
several differential parameters, such as; 


Inss1'pss2  8"4 Beg 1 /Be52 


as well as differential gate-source voltages both with and without 
temperature-drift characteristics: 


ac aes) a a a ee 
AT GSI GS2 


There are hundreds of JFET data sheets, but there are not 
hundreds of JFETs. Quite likely there may be only a few 
dozen silicon JFET geometries worldwide! The proliferation of 
data sheets (and part numbers) principally results from the dis- 
tribution of Vgscorf) and with it, the parameters that are in- 
timately related: rpgsion)» Ipsg- and gers (see Eqs. 5.5—5.11). 
As we review the typical JFET data sheet, we are apt to see 
several consecutive part numbers differing only in these four 
parameters (not addressing the differential-pair device). 

We know that in fabricating a JFET, the deeper the gate 
diffusion, the lower the magnitude of gate-source cutoff voltage 
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'VGscoffy)!- We also know that several of the fundamental 
parameters are directly (and mathematically) related to VGscoft): 
Since wafer fabrication is not an exact science (despite hushed 
protestations to the contrary), we must anticipate that every 
wafer run will result in a statistical distribution of electrical 
parameters. In other words, we will witness a distribution of 
Vescoff) and with it, a distribution of such major parameters 

8S Inss, rpS(on)» and gfs. Additionally, because mask mis- 
alignments may occur, as well as other anomalies of manufacture, 
we may also discover this distribution to be skewed in unpre- 
dictable ways. 

As we review und compure JFET data sheets, we may dis- 
cover that Vocrorf) for some is established for an Ip of 1 nA, 
whereas others are at differing drain currents, for example, at 
0.1 pA. Fortunately we can reconelle theso differences. A 
rule of thumb says that for every decade change in Ip we change 
Vascoft) by 0.1 V. Uowever, there are restrictions; this rule 
of thumb does not extend much above 1 yA. 

We know that Veg off) is perhaps the single most important 
JFET parameter, for as it varies so do most of the critical 
parameters: Inss: 'ps(on): and Efs are intimately related to 
VGs(off) 95 well as to each other. To illustrate, let us take 
the critical parameters of the 2N4392 offered on the data sheet: 


Min Max Unit 


Vascoffy) ~2 = ¥ 
Inss 25 75 mA 
*DS(on) a x 


Can we ever expect to find a 2N4392 with an ON resistance 
under 10 2? The data sheet does not specify a minimum value. 
But it is likely? We shall soon see that it is not. If we want 
a JFET with the same Vqsjorf) and Ipsg but with substantially 
lower rpns(on), We need to look to a different data sheet. 

(Hint: Try a larger geometry, such as the 2N5434.) 

In Chapter 5 we examined how parameters interact. The 
graphical representation in Figure 5.9, showing the relationship 
between Voscoff)> "psc(on) 894 Ipss of the 2N4391 series is 
extramaly halpful in understanding the data sheet. If we com- 
pare the switching JFET data sheet (Figure 7.1) with the graph- 
ical relationship of the parameters, repeated with added emphasis 
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Figure 7.4 General parameter relationships for the 2N4391- 
series JFET, emphasizing the parameter limits for the 2N4392. 
Note how the data sheet limits compare with the limits deter- 
mined by these curves. (Reprinted with permission of Siliconix 
inc.) 


in Figure 7.4, it becomes clear how the three switching JFETs' 
characteristics are derived. As the magnitude of Vagyorfy rises. 
by virtue of the statistical distribution resulting from the diffu- 
sion process, we see both Ings and ge, rise and 'ps(on)’ drop, 
as we would expect. 
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Table 7.1 Matrix for 2N4391 Series 





Series Vasioff) min Inss min YpS(on) max 

2N 4391 —-4 V 61 mA 31 2 

2N 4392 ~2 V 22 mA 58 2 

2N 4393 —-0.5 V 8 mA 100 2 
VGS(off) max Insg max Rps(on) min 

2N 4391 —-10 V 190 mA 15 Q 

2N 4392 —~5 VY 82 mA 23 9 

2N 4393 —-3 V 41 mA 40 2 


Relying on the parameter Ves(off) 2nd the distribution offered 
in Figure 7.4, we can develop the matrix presented in Table 
teks 

Comparing the data in Table 7.1 with the characteristics 
offered on the data sheet, we find excellent correlation. Of 
special interest, the matrix offers insight into nonregistered 
parameters, such as the minimum value of rpg(on), which is 
missing from Figure 7.1. Some data sheets offer far less in- 
formation (Figure 7.5), but we can use this technique to con- 
struct a more detailed matrix. However, remember that only the 
data sheet establishes your guaranteed specifications. The added 
benefit is that the matrix may show your JFET to have a tighter 
distribution than was identified by the data sheet parameters. 

Ignoring the thermal ratings, as we read in Chapter 6, may 
be dangerous. For some JFETs we have no problem, but for 
some large-geometry devices, such as this example (the 2N4391 
series), even if Ings times Vpg is less than the 1.8 W specified 
on the data sheet, we must not overlook that the data sheet 
states "@ 25°C case temperature." In the unlikely event that a 
2N 4392 is operating at Ingg and at a Vpg of 20 V, 1.5 W will 
generate considerable heat. 

Device dissipation, as provided on the data sheet, may appear 
to have little rationale. Most JFET semiconductor die are quite 
small, running from as small as 0.16 mm? up to 1.35 mm2, As a 
consequence, the package and its mounting dictate the power- 
handling capability of the JFET. 
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Figure 7.5 J111-113 switching JFET data sheet. (Reprinted 


with permission of Siliconix inc.) 
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Another area of some confusion is the operating temperature 
range, often conveniently omitted from the data sheet. The 
storage temperature range is easier to find. Regardless of 
whether the maximum operating temperature is provided, the 
power derating specifications are, and using the derating we can 
derive a maximum operating temperature, Ty,y, if necessary: 


t _ total device dissipation |. o20c (°C) (7.1) 


max (linear) power derating 


Some dual JFETs (Figure 7.3) will provide two power ratings 
and two deratings, one labeled "each side," the other, "both 
sides." If you are using both sides, be sure you use the "both 
sides" deratings in Eq. 7.1; otherwise you may exceed the 
maximum permissible operating temperature of the die. General- 
ly the "both sides" power rating is twice the "each side" rating, 
but the derating factor is not, because of thermal interactions 
within the header. 

Should your end use for this switching JFET be for a sample 
and hold circuit, be advised that the 2N4392 is a very poor 
choice! Note that C,., is specified beyond gate-source cutoff, 
and for a good reason. For switching-type JFETs, such as we 
have in Figure 7.1, Cygg is measured at a gate voltage at or 
beyond cutoff. Gate-drain capacitance (Cyg,) of a switching- 
type JFET affects it charge-transfer characteristics. The effect 
becomes especially critical in sample and hold applications, shown 
in Figure 7.6. When the JFET switch is OFF (as shown in the 
equivalent circuit), Cod (Cy5,) forms a capacitive voltage 
divider with Cetorage» resulting in the coupling of charge into 


Cstorage- The error introduced can be approximated by: 


6. 8. (7.2) 
storage 


For JFETs used as amplifiers, Cage is usually offered at full 
operational ratings, as are the other capacitance specifications. 

Most JFET data sheets that have been characterized for am- 
plifier service (Figures 7.2 and 7.3) include a noise specification, 
identified as either e, (noise voltage) or NF (noise figure) at 
some reasonably low audio frequency. The former given as a 
ratio: nanovolts per square root of hertz (nV/Hz1/2), the latter 
in decibels (dB). 

To ensure selecting the right JFET for the job, we must 
understand how to interpret noise specifications. Noise figure 
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Figure 7.6 (a) Equivalent circuit of a sample and hold circuit, 
showing the parasitic capacitances that contribute to charge- 
coupled errors. (b) Typical charge-coupling error expressed 
in picocoulombs for a 2N4392 JFET switch with a source resist- 
ance of 100 kf. 


must be accompanied with reference to a specific generator 
resistance, as was earlier defined by Eq. 3.13. To illustrate, 
let us select the lowest noise JFET from the following two 
specifications: 


1 Ma 


it 


NF = 0.5 dB at R 


G 


3.0 dB at Ro = 1 kf 


all other parameters (temperature and bandwidth) being equal. 
Using Figure 3.7 we discover that the JFET sporting a 3 dB 


NF 
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noise oe has only 4 nV/Hz1/2 of noise (e,) compared to 44 
nV/Hz1l/2 for the 0.5 dB JFET. What has made the difference 
is the generator tmpedance, 

A noise phenomenon that also needs attention is the effect of 
(low) flicker noise, or 1/f noise. In Figure 3.6 we saw that 
at frequencies below 200-500 Hz, the noise voltage rises dramat- 
ically. Some data sheets identify this 1/f noise by offering e, 
at 10 Hz, whereas others mask the effect by providing e,, (or 
NF) at higher test frequencies, such as at 1 kHz or above, out 
of the region of 1/f flicker noise and well into the Johnson noise 
region. = 

How do we compare JFETs when one offers e, at 10 Hz and 
another at 1 kfilz? Unless the vendor has provided supporting 
data elsewhere in the catalog, we can't unless we measure e,, 
for each device. 

The amplifier-type JFET data sheet provided in Figure 7.2 
(2N4867-series) provides both ec, and NF. The latter, according 
to Eq. 3.14, not only reaffirms @, but also ensures that the 
noise current i, is low, as well. 

Within the family of JFETs we find some characterized for 
high-frequency (to about 500 MHz) amplifier service. For these, 
noise figure has a different meaning because it does not repre- 
sent a noise voltage, but a noise current (shot noise) pheno- 
menon. We seldom find the generator impedance for these high- 
frequency JFETs on the data sheet, and to assume 50 2 would 
be presumptuous. 

Operating gate current, I,, regrettably not found on many 
JFET data sheets, offers a critical inside look into the per- 
formance of the JFET. First, it warns us of the maximum Vpqg 
and Ip to maintain a high gate-input impedance (see Eq. 3.2); 
second, it identifies how we may keep the noise current low 
(see Eq. 3.14). 

Dual JFETs have unique problems. There are two types of 
dual: monolithic and two-chip. The advertized advantage of 
the dual is that both sides supposedly drift together. That may 
be true for the monolithic dual, but for the two-chip dual we 
need to be on guard. 

All JFETs exhibit a zero TC (zero temperature coefficient), 
and to improve the drift characteristics of the dual, the drain 
current is generally specified at or near this zero TC value. 

An estimate of the gate-source voltagé required for an n-channel 
JFET to achieve zero TC is: 


Vv + O0.7 V (7.3) 


asz * ‘ascoft) 
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Data sheets are quite consistent in defining the temperatures 
used to qualify the drift specifications of duals. Three tem- 
peratures are specified, at: 


—25, +25, and +125°C 


They are grouped to show two drift tests covering the following 
ranges: 


Test 1 +25 to +125°C 
Test 2 ~55 to +25°C 


Despite their consistency in defining the temperature differen- 
tials, the specifications are anything but consistent otherwise. 
Serutiny of the dual JFET data sheet indicates that test 1 covers 
a range of 100°C, whereas test 2 spans a range of only 80°C. 
Yet, the electrical specifications are always identical! 

It should not be surprising that the thermal characteristics 
of a monolithic dual are superior to that of a two-chip dual. 
Since the drift characteristics offered on the data sheet are 
guaranteed only for the three test temperatures, we would be 
better served in using monolithic duals—especially if our applica- 
tion requires close drift specifications at temperatures other 
than those offered on the data sheet. 

Yet, the monolithic dual is not a panacea in every applica- 
tion. Most duals are junction isolated, and since the pn junc- 
tions may form parasitic bipolar transistors, latch-up could 
occur if we were to use the monolithic dual in a cascade arrange- 
ment. Careful analysis of the pn junctions reveals a vertical 
npn and a lateral pnp (as shown in Figure 7.7), which together 
may form an SCR if the multiple of betas (8npn *< Bpnp) i8 1 oF 
more. There are times when a two-chip dual is preferred, 
despite its inherent drift problem. 


7.2.2 Scrutinizing the Smali-Signal MOSFET 
Data Sheet 


Don't ignore this warning: MOSFETs are static sensitive. The 
most important static-sensitive element is the gate. It matters 
little what its BVggg rating may be, the MOSFET can be 
destroyed by mishandling. If you feel or hear the static, you 
have already far exceeded the electrostatic voltages necessary to 
destroy the MOSFET. Don't rely on zener-protected gates; 





U 


Figure 7.7 Parasitic npn and pnp transistors, characteristic 
of junction-isolated monolithic dual JFETs, may form an SCR 
(latch-up) effect if substrate is left floating and one gate is 
biased higher than the opposing source. 


handle ali MOSFETs with caution. Remember that although 
silicon dioxide can withstand approximately 6 x 106 V/em, this 
common gate-oxide barrier may be only 80 nm (80 x 10711 em) 
thick. 

Take special precautions in handling because destructive 
electrostatic voltages are everywhere. Antistatic materials 
generally exhibit surface resistivities ranging from >1018 to 
>1014 p/square. The less water-absorptive the material, the 
greater its likelihood of generating destructive electrostatic po- 
tentials. The hygroscopic materials best suited for antistatic 
packaging include virgin cotton, cellulose-based hardboards, 
wood and paper products, and some melamine laminates. The 
Tirboelectric chart has little meaning in determining potentially 
destructive electrostatic charges because any charge can be 
destructive. 

Unlike the depletion-mode JFET, the MOSFET exists in eithe 
of two modes, enhancement or depletion, as well as, of course, 
as either n-channel or p-channel. 

On the surface, having so many potential options, we might 
erroneously conclude that there are, indeed, many available 
options. Regrettably, not so. We find few vendors of small- 
signal MOSFETs and they offer few options. 
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In the unlikely event that the headline on the data sheet 
fails to identify the mode of operation, differentiating between 
the enhancement and depletion modes is easily accomplished 
during a cursory examination of the data sheet. 

If the data sheet is defining an enhancement-mode MOSFET, 
we will, in all likelihood, find the symbol for threshold voltage, 
Voscth) or Vy. Additionally, we may find Ings or Ipo¢fy) OF 
Ips(off) (with the test conditions of Vag < 0 V) identified as 
drain cutoff current, or leakage current; and, last, possibly the 
symbol Ipn(on) (with the test conditions of Vqg # 0). If such 
a poorly edited data sheet is describing a depletion-mode MOSFET, 
then, rather than finding the symbol for threshold voltage, we 
should find, as we did for the JFET, Vascorf)— gate-source 
cutoff voltage. Added to this, we may find Ipss defined as we 
would expect for a depletion-mode FET. The symbol [pncoff), if 
present, would not have the same meaning as Ipgsg, as was the 
case for the enhancement-mode MOSFET. 

Unlike the JFET, neither Vagcoff) nor VGs(th) is intimately 
related to the other major parameters. Both Vagoff) and 
VGS(th) are lot sensitive, (because of their sensitivity to the 
oxide thickness), not scatter sensitive. 

The small-signal MOSFET, unlike the JFET, is basically a 
four-terminal structure consisting of a source, drain, gate, and 
substrate. The substrate may be internally bridged to the source 
for some MOSFETs. But if not—if the substrate exits to a 
separate pin—then Vggth) (for the enhancement-mode MOSFET) 
or VGs(off) (for the depletion-mode MOSFET) may be affected 
by the substrate bias. Take careful note of the test conditions 
pertaining to the gate bias and note the condition of Vag (or 
Vsp)—body-source substrate voltage. As the magnitude of the 
substrate voltage rises (positively for a p-channel MOSFET, 
negatively for an n-channel MOSFET), the magnitude of the 
threshold voltage may also rise (negatively for a p-channel and 
positively for an n-channel MOSFET), and sometimes quite dra- 
matically, as shown in Figure 7.8. 

Capacitance of a MOSFET may be envisioned, as we did in 
Figure 1.7, as parallel plates separated by a dielectric medium. 
However, unlike the JFET, the gate-to-source capacitance C,,, 
as well as the gate-to-drain capacitance Cea: of the small-signal, 
enhancement-mode MOSFET may undergo a dramatic increase 
when channel conduction occurs, as shown in Figure 7.9. 

An enhancement-mode MOSFET, being normally OFF when no 
bias is applied, may appear to offer superior performance as an 
analog switch. Watch out, and remember that when the analog 
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Figure 7.8 Variation of threshold voltage with applied substrate- 
to-source bias per 1000 nm of silicon dioxide gate insulator for 
n- and p-channel MOSFETs at 25°C, as a function of doping con- 
centrations. (From Richman, MOS Field-Effect Transistors and 
Integrated Circuits. Copyright © 1973 John Wiley & Sons, Inc. 
Reprinted by permission of John Wiley & Sons, Inc.) 


voltage (riding on the source) approaches the gate bias Vqq, 
Vos drops, resulting in a rapid rise in rpg(on)- The net result 
is called resistance modulation distortion, as defined by the fol- 


lowing equations: 
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Figure 7.9 Effect of channel conduction of an n-channel en- 
hancement-mode MOSFET on capacitance. At threshold, channel 
conductance commences and capacitance takes a dramatic upward 
leap. 
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Ry 
Vv =. V (7.4) 
out TDscon) + R, + Ro A 
dr 
% distortion = ae ee (7.5) 
G L DS(on) ¥DS(on) 
where 


arps(on) = change in ON resistance with bias 
Va = analog signal voltage 

Ry, = load resistance 

Rg = generator, or source, resistance 


Seldom do we find the noise voltage on a MOSFET data sheet. 
A small-signal MOSFET may exhibit a noise voltage 10 to 20 times 
that of a JFET. Unfortunately, there are no MOSFETs with a 
low value of e,, to match that of a JFET. 


7.2.3 Scrutinizing the SIT Data Sheet 


At the time of writing the static-induction transistor had yet to 
find a market. Consequently, there were few data sheets avail- 
able. One data sheet that clearly illustrates the considerable 
power capability of the SIT is offered in Figure 7.10, where 

a total power dissipation of 3000 W is claimed! 

Because of the uniquely low RC time constant inherent with 
the SIT, this transistor may lend itself to very-high-frequency 
applications. 

Quite possibly the most notable parameter is the gate-source 
eutoff voltage Vos(oft that identifies the SIT as a depletion- 
mode FET, and, in addition, indicates a surprisingly high cutoff 
voltage when compared with most power FETs. 

Because the SIT exhibits a triodelike output characteristic 
(see Figure 2.7), we should expect to find a parameter identify- 
ing the voltage gain y, as indeed we do (Eq. 4.11). Because 
of its high output conductance g@o,, the voltage gain p Cor Ay), 
is, at best, moderate. 

A rule of thumb offers us guidance to determine the magnitude 
of Voscoff) if it is not provided on the data sheet: 


1.25 V 
; (BR)DSX (7.8) 


'Vescoft) | : 
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ABSOLUTE MAXIMUM RATINGS sane" aeanne 1 C) 
Symbol Conditlon 


pam Temperature 


Operating Junction Temperature 


Gate to Source Voltage 
Gate to Drain Voitage 
Gate Current 

Drain Current 


Total Power Dissipation 





ELECTRICAL CHARACTERISTICS (Ta=25 C) 


Gate to Source Breakdown Voltage 


Gate Leakage Current 
Drain Cut-Off Current 


Orain Currrent 


Gate to Source Cut-Off Voitage 


Gate to Draln Breakdown Voltage 


insertion Gain 


Input Capacity 


Cut-Off Frequency 


Drain to Source ON Resistance 


Drain to Source OFF Resistance 


Turn-ON Tire 
Turn-OFF Time 


ViBR)GSO 
lass 

ID (off) 
loss 


VGS (off) 
ViBR}GDO 


B 


Iq= 0.2 mA 


Vgs = -40 V 
Vas = ~50 V 


= 9 


\bs* 10V 
Ip =1imA 


In= 0.2 mA 


Vas? -20 V 
los= 0.1 A 


V=10V 
t = 250 kHz 
V=20V 
Ip= 2A 


Vas" 0 
Ip= 2A 


= 300 V 
S 
Ps -50 V 


IDp=1.5A 
\bos= 50 V 


-§0° +150 °C 


4150 °C 
70 V 
1500 V 


O.SA 
180 A 


3000 W 





25000 pF 


7 MHz 


0.54 


1 Mamin. 


350 ns 
350 ne 





Figure 7.10 2SK182-183 Static-induction transistor data sheet. 
(Reprinted with permission of Tokin, Ltd.) 
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The data sheet shown in Figure 7.10 lends some confusion in 
its characterization of input capacitance (Cig) by its imprecise 
reference to Vps, not to Vgg, 8S we might have anticipated. Since 
this capacitance, like all FET capacitances, is depletion- field 
dependent, as Vpg rises, the capacitance will decrease. 


7.2.4 Scrutinizing the Power DMOSFET 
Data Sheet 


During the formative years when power DMOSFET technologists 
were more interested in proliferating part numbers than in pro- 
duction, every vendor seemed to offer a novel format, as well as 
a more novel identifying part number. Possibly because of pres- 
sure to acquire military-qualified parts, in the early to mid- 
1980s JEDEC registration bacame popular for power DMOSFETs. 
With JEDEC registration followed by MIL-STD-750C qualification 
(see Appendix B to Chapter 3), we are now finding one data 
sheet format taking precedence. 

When we read data sheets, we tend to accept certain specifi- 
cations without question, even if we know that in combination 
they are incompatible. For example, we find a power DMOSFET 
with an operating voltage of 400 V and a continuous drain cur- 
rent rating of 15 A, for a total of 6000 W! Yet, that particular 
power DMOSFET (an IRF350) is rated at only 150 W. This sort 
of inconsistency is accepted without question for any transistor. 
We accept the obvious fact that we cannot operate at both limits 
simultaneously. 

But there are other hidden inconsistencies within the data 
sheet that, perhaps, might not be so well accepted. For our 
example, let us continue with the IRF350, shown in Figure 7.11. 
Several of the vendors offering this part provide a product 
summary in the headline of the data sheet. Within this headline 
we generally find the following, 


Part V(BR)DSS TDS(on) In 
number volts (Ohms) (Amps) 
ee al ee Se iat 
IRF350 400 0.3 15 


In the column identified as the absolute maximum ratings, we 
find: 


= re) 
In @T> 20°C 15 A 


GF incorporatee _ IRF350, IRF351 
. _ IRF352, IRF353 
wOSPOWER N-Channel Enhancement Mode Transistors 
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> pant | “erRyoss | "ps{en) 
| wuMBER | (VOLTS) | (OHMS) 
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Figure 7.11 IRF350-353 Power DMOSFET data sheet. (Reprinted 
with permission of Stliconix inc.) 


Siliconix 
incorporated 


IRF350, IRF351 
IRF352, IRF353 


ELECTRICAL CHARACTERISTICS (Ty = 26°C unless otherwize noted) 


PARAMETERS/TEST CONDITIONS 


Drain-Source Breakdown Voltage IAF 350,352 
Vac eG. In = 250 WA IRF 351,353 


Gate Threehoid Voltage 
Vos" Vas. lp = 250 pA 


Gate-Body Leakage 
Voge 0. Vag = 420 V 


Zero Gate Voltage Drain Current 
Vos * Yiarjoss - Yas = 9 


Zero Gate Vottage Brain Current 
Vos #0.8x ViBA)OSS Vag 9. Ty =125°C 


On-State Orain Current 2 IRF350 361 
Vos ® 10 V. Vas 210 ¥ IRF 352,353 A 
Orain-Source On-State Resistance? IRFISO.361] ,- 0.30 
Vag = 10V.Ip= 8.04 IRF3S2,353 | OS{on} 0.40 nm 
0.60 
0.80 





Drain-Source On-State Rasistance 2 IAF 350.351 
Vas #10 V, Ip= 8.0, Ty = 125°C IRF 352.363 


Forward Transconductance 7 
Vos #158 V. lo = &.Q0A 


Vos = 2sVv Cos 


f= 1 MHz Cun 


Vos a 0.8% Vianjoss: 
Vas? 10V. Ine 18A 
(Gate charge ls essentially 


independent of operating 
temperature) 


Vop = 180V. A,» 25% 
Ip > BOA, Vagens OV 
Aga 4.70 

{Switching thme te essentially 


independent of operating 
temperature} 


PARAMETERS/TEST CONDITIONS 


IAF 350.351 
Continuous Current IRF 352,353 


1 (AF 950.3951 
Puleed Current IRF 352.953 


Forward Vaitage* IRF 350,351 
ig =ts . Vqg2= 0 IAF 352,353 


Reverse Recovery Time 
Ig els, dip /dt = 100 A/‘ps 


Reverse Recovered Charge 
te wig. dig¢/dt = 100 A/ps 


‘Pulse width tmited by maximum junction temperature (refer to transient thermal impedance data. figure 11) 
2 Pause test: Pulse width < 300 jsec, Duty Cycles 2% 





Figure 7.11 (Continued). 
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With confidence, we believe that we have a power DMOSFET 
having the following maximum specifications: 400 V, 15 A, and 
0.3 2. When we look with more discernment at the column of 
electrical characteristics (at Tq = 25°C), we find, 


TDs(on) = 0.3 9 at Vas = 10 V, In = 8.0A 


What we are probably witnessing is a holdover from the 
power bipolar transistor era, when data sheets would offer a 
maximum collector current (Ic) and then characterize the remain- 
ing parameters at 1/2 Ic. But the informed reader may have a 
gnawing question, namely, Does the device still offer an rps(on) 
of 0.3 2 when Ip is 15 A? The answer is, "It may," since the 
component is, in all likelihood, conservatively rated at an Ip of 
8 A. | 
Accidentally or otherwise, however, this holdover from tra- 
dition may be covering a debilitating effect known as the pinch 
resistance. This is identified in the power DMOSFET equivalent 
circuit (Figure 5.10) as a JFET in series with the drain. Care- 
ful comparison of Figure 5.10, with the cross-sectional view 
provided in Figure 1.18 (keeping in mind the form of the JFET 
from Figure 2.1), should offer the reader insight as to how the 
JFET enters into the circuit as a pinch resistor. The equivalent 
source terminal of this pinch-FET lies immediately beneath the 
oxide—along the path of the channel region—whereas its equiv- 
alent drain terminal merges into the epi region. The gate is the 
p-well body diffusion. This pinch-FET exhibits characteristics 
similar to any JFET, including saturation. As the drain current 
rises (for the power DMOSFET as well as for the parasitic 
JFET), we discover, as we saw in Figure 2.2, that as we ap- 
proach Inss—current saturation for the parasitic JFET—the 
channe! resistance rises. This is the pinch resistor effect. If 
the power DMOSFET suffers from this effect, we should expect 
to see a nonlinear increase in rpg(on) with increasing drain cur- 
rent. If the specification Vpnsg(on) (otherwise known as VgaT) 
is provided on the data sheet at the full-rated current In(on): 
or perhaps even at Ip, a simple manipulation of Ohm's law will 
allow you to detect whether the pinch resistance r,, exists at 
this current level. The effect is shown in Figure 7.12: 


_ Ypscon) ee 


r'! =r + > 
DS(on) DS(on) p thon) 


How To Read a Data Sheet 187 





80 


ps(on) Orein—to—Source ON Resistance (Ohms) 


40 
lp Orain Current (A) 


Figure 7.12 The effect of the pinch resistance on overall drain- 
to-source resistance as the operating drain current rises. Heav- 
ily enhancing the channel with excessive gate voltage helps to 
overcome the effect. 


where the primed value Ppgon identifies the total ON resistance 
of the power DMOSFET at full-rated drain current. 

In Chapter 3, we learned that the absolute maximum con- 
tinuous drain current is a calculated value based on the power 
dissipation and the ON resistance at maximum junction tempera- 
ture (see Eq. 3.1). It is not a measured value. 

Some data sheets identify this absolute maximum current as 
plus or minus a given value. This does not imply that the 
power DMOSFET is bidirectional; it only means that the body- 
drain diode is capable of handling the same magnitude of current 
as the enhanced channel, which should come as no surprise. 
Actually the diode current can be considerably greater than the 
channel current when we consider the area of the pn region. 
Diode-current flow is always the reverse of drain-current flow 
(remember Ip and Ig in Chapter 3), hence the + polarity. 

Why, then, do some vendors show this dual polarity? Pos- 
sibly to remind users that the body-drain diode has application 
as a clamp diode. 

Another absolute maximum specification that needs explanation 
is the pulsed drain current. By definition it is, as stated, a 
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pulsed measurement. But we need to exercise caution, for it is 
not necessarily representative without a careful appreciation of 
the accompanying maximum safe operating area (SOA) graph 
(see Figure 5.14). We need to ask whether this pulse test is a 
single, nonrepetitive pulse, or, in fact, a series of pulses of some 
pulse-repetition frequency (PRF). Hopefully the data sheet will 
answer our question. Furthermore, we may need to ask at what 
voltage this pulsed drain current is measured. The SOA graph 
provides us with clear answers. For example, if the IRF35&0 data 
sheet indicates that the pulse width is less than 300 us, then a 
Vys of 70 V is about as high as we dare go. Yet we must 
proceed with caution when using the SOA curves to arrive at 
definitive answers simply because these curves apply only to a 
single pulse at a case temperature (T,,) of 25°C. Not par- 
ticularly practical! 

On the other hand, possibly because of our application, we 
may want to know the allowable pulse width and PRF. <A more 
useful graph, the transient thermal impedance curves (see Chap- 
ter 6) on the data sheet should offer answers, since chip tem- 
perature is affected. | 

If this transient thermal impedance curve does not exist for 
our selection and we wish to use the power DMOSFET in a 
pulsed-power mode, we would be best advised to select a differ- 
ent FET for which this curve is available on the data sheet. 

An important but seldom disclosed specification that ought to 
accompany Inn) is Vpnscony the peak-current saturation voltage, 
At high peak currents, if the pinch-resistance effect does occur 
{and it most surely will), the high Vpgon) may be a surprising 
discovery! Indeed, if Vpscon) is greater than your supply 
voltage, you will most assuredly not reach Ipy! Testing a power 
DMOSFET for its peak-current saturation voltage often helps to 
differentiate one vendor's product from another having the same 
part number, as illustrated in Figure 7.13. 

A more useful plot might be to emulate that of the switching 
bipolar transistor's VCE(sat) versus base current I,, but sub- 
stitute Vpson) for Vogcsat) and V@s for Ig, as shown in 
Figure 7.14. 

Procceding with our power DMOSFET data sheet specifications, 
we stop at Varcpss) (9r BVpgg) where, invariably, the test 
conditions identify a drain current equal to the permissible maxi- 
mum leakage current Ingg, which, in turn, is specified at the 
breakdown voltage! The specifications for breakdown voltage 
and leakage current are complementary. Each upholds the 
other—but only at 25°C. 
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Figure 7.13 Variation in Vsay between power DMOSFETs hav- 
ing the same part number but coming from different vendors 
helps to identify the effects of the "hidden" pinch-FET. 
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Figure 7.14 Drain output characteristics showing saturation at 
various drain currents and gate drive levels; gate drive nor- 
malized to Vy. 
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Figure 7.15 The four possible breakdown voltage scenarios for 
an enhancemen.-mode MOSFET: (1) current rising immediately 
to the maximum allowable leakage, (2) current slowly rising to 
the maximum allowable leakage, (3) the characteristic "soft" 
breakdown, and (4) the desired optimum breakdown. 


The fault with these complementary specifications is that the 
FET under consideration could have any of four breakdown char- 
acteristics, as shown in Figure 7.15. To ensure a sharper 
breakdown characteristic, it would be especially welcome to have 
Ipnss specification, given, as it is, at the breakdown voltage, 
but perhaps at one-quarter the breakdown test current. 

An important parameter is the gate threshold voltage VGs(th) 
specification, found on every enhancement-mode MOSFET data 
Sheet. It is this parameter that identifies whether our n-channel 
device is, or is not, compatible with transistor-to-transistor 
logic (p-channel devices, by definition, are not TTL compatible, 
since TTL logic is positive-going; viz., +0.8 V to +2.4 V). 

We must not forget that the voltages specified for threshold 
do not represent the true threshold voltage of the device. 

SPICE IJ modeling information is not currently available from 
the JEDEC-registered data sheet. 

"Logic compatibility" is often a difficult term, having different 
meanings for different applications. Using our example (the 
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IRF350), we could guarantee, worst-case, that 5 V logic could 
achieve 1 ampere of drain current at 25°C. We could not guar- 
antee that +2.4 V TTL logic would even turn on the power 
DMOSFET. 

Likewise, it is the influence on Vas(th) that determines 
whether our power DMOSFET is "rad hard," or resistant to 
nuclear radiation. Ionizing radiation affects the threshold volt- 
age by introducing charges into the gate oxide, which causes 
the magnitude of Ves(th) to diminish (go more negative). For 
an n-channel, enhancement-mode MOSFET, this means that at 
the radiation level eventually reached, the device is ON even 
when Vcgsg = 0! On the other hand, a p-channel MOSFET be- 
comes increasingly more OFF as the threshold increases. 

Increasing chip temperature also forees the threshold down 
(typically from —3 to —6 mV/°C), meaning that for the n-channel 
device, the MOSFET may turn ON sooner than expected. If the 
FET is OFF, the chip temperature is affected directly by the 
ambient temperature. Once the FET is ON, the combination of 
the downward threshold drift and rising rpg(on) (with increas- 
ing temperature) will reach a point of equilibrium that is com- 
monly recognized as the zero TC. At the zero TC, the down- 
ward drift of Vqs(tn) 18 matched by the rising rpng(on)- 

The transfer curves on the data sheet should show per- 
formance at —55, 25, and +125°C. Zero TC may occur either 
in the square-law region or in the velocity-saturation region. 
Predicting where is not easy. Be forewarned that these trans- 
fer curves result from pulsed measurements and that these three 
temperatures, therefore, reflect the ambient, case, and chip 
temperatures (Ta = Tc = Ty). In actual practice we must be 
reminded that for all practical purposes, the temperature is Ty. 
Therefore, to use these data for purposes other than pulse we 
need to first define the true operating chip temperature (see 
Chapter 6). Yet, if we plan to use the power DMOSFET only 
as a switch, of what use is grg? Since, as we learned earlier, 
for a short-channel FET (like the DMOSFET), once we have 
fully turned ON the FET, Vag has little effect on transcon- 
ductance. Unlike the small-signal JFET, gr, does not reflect 
on the value of rpg(on): 

Continuing our review of the electrical characteristics, on 
the typical non-JEDEC-registered data sheet we find the 
specification In¢gn) offered as a minimum current. This param- 
eter is generally not found on JEDEC-registered data sheets. 
For the majority of cases, this minimum value of In ,) equals 
the absolute maximum value of In. Note, however, that Ip(on) 
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always represents a pulsed measurement, whereas Ip is rated 
as a continuous current. What In(on) Proves to us is that the 
power DMOSFET can achieve the maximum continuous current 
(Ip) at the rated gate-source voltage Vgsg, at 25°C. What the 
data sheet fails to assure us is that we can successfully reach 
Ibm: regardless of gate voltage. Some manufacturers offer a 
supplemental curve of rng(on) Versus Ip that extends to Ipy. 
As an added benefit, this curve (Figure 7.12) offers insight 
into the effect of high operating currents on the pinch resistance. 

Reading power MOSFET data sheets published since 1988, we 
observe several charge parameters (Q). For switching applica- 
tions these charge parameters will eventually replace the more 
common capacitance parameters (such as C;,,) and the somewhat 
useless parameter C,... 

If we pick up the derivations of Eqs. 3.7 to 3.9, we find: 


Vv 
or 
C= = (7.9) 


Equation 7.9 may be rewritten as follows: 


Q 
c, = —afth) (7.10) 


-_ 


iss dav 


Reverse transfer capacitance, Cysg, is more difficult to de- 
rive from the charge data. However, for most switching appli- 
cations, knowing the specific value of C,., is of little importance 
because the effects of the Miller capacitance may be taken either 
from the charge characteristics Qq, on the data sheet or, pos- 
sibly with some difficulty, from the charge curves (Figure 5.5) 
that accompany a well-organized data sheet. 

An additional specification that has recently been found on 
power DMOSFET data sheets is a(R) repetitive Coptional) 
avalanche current. This test is better known as the UIS or un- 
clamped inductive switching test (see Chapter 3). Although 
certainly current is important, we must not fall into the emotion- 
al trap thinking that the higher the current level, the better. 

Another specification that has caused considerable anguish 
is t,,— reverse recovery time of the parasitic body-drain diode. 
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Truly, the smaller the value the better. All data sheets offer 
only a typical value, so it is incumbent on the user to find the 
shortest time if this specification is of importance. 

Reverse recovery time is important whenever the application 
forces a reverse current through the DMOSFET: that is, when- 
ever Ig is forced. Such often occurs in H-bridge motor drives 
or H-bridge drives to inductive loads. For such applications, 
switching times are really a function of tpy, not tqacoff) or tr. 
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8.1 Introduction 


The FET, like the resistor, the capacitor, and the operational 
amplifier, is a basic building block. It is found in practically 
every electronic circuit either individually or as an active ele- 
ment within an integrated circuit. Because of its universality, 
we could not hope to be exhaustive if we attempted to tackle 
even some of the design problems. 

Consequently, this chapter does not focus on design. Here 
we touch on how to bias FETs to achieve the desired operational 
characteristics. The few references that close this chapter 
offer the reader some design support. 

Within the family of FETs, as we remember from Figure 1.1, 
there are two modes of operation: depletion and enhancement. 
Regardless of type, style, or the novelty of construction, at 
zero bias (Vgg = 0), the depletion-mode FET is normally ON and 
the enhancement-mode FET is normally OFF. The n-channel 
operates with a positive potential at its drain, whereas the p- 
channel performs with its drain more negative than its source. 

By now we are familiar with the operational differences of 
the FET as compared with the bipolar transistor. Whereas the 
bipolar transistor operates by the injection of base current, the 
FET is controlled by a gate voltage. , Because the FET is volt- 
tage-controlled, the gate may offer a high input resistance as 
compared to the current-controlled base of the bipolar transistor. 
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8.2 Powering Up the Small-Signal JFET 


A cursory examination of any JFET data sheet shows several 
wide parameter variations. Gate-source cutoff voltage, Vgqsvoff), 
saturation drain current, Ings, forward transconductance, gf,, 
and/or ON resistance, 'ps(on)> are among the worst offenders. 
In most production environments we must be prepared to use 
JFETs exhibiting wide-ranging parameters. It is not unusual to 
find the specifications for Vag off) and Ipgg spanning 3:1 or 
greater. Some JFET specifications may span 8:1, or even 10:1} 
Because of the wide disparity of parameters found on most 
JFET data sheets, we need to be especially familiar with the 
proper biasing methods to achieve our desired design objectives. 
In developing the proper biasing, it is very helpful to select the 
JFET whose data sheet offers typical performance curves at the 
parameter limits. The example provided in Figure 8.1, for the 
2N 4867-series, greatly eases the task (compare Figure 8.1 with 
Figure 7.2}. Note that output characteristics are provided for 
Ves(off) of —0.5, —1.0, —2.3, and —3.0 V. The transfer char- 
acteristic curves span from a Vag of —0.5 to —4.2 V (at 25°C), 
entirely adequate to develop proper biasing for the 2N4867 series 
for practically any service for which the FET was designed. 
When working with JFETs, it is convenient to have at your 
fingertip the various mathematical relationships that might help 
resolve unknown parameters. 
Assuming, as we generally have, that the JFET follows 
Shockley's equation, we use the equation to calculate drain cur- 
rent Ip as a function of gate bias Vas: 
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Vv 
GS 3 
on oe - 
D DSS Vascoff) 


We can calculate drain voltage Vng at which drain current 
Ip saturates by the following approximation: 
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A frequent application is to use the JFET as a voltage-con- 
trolled resistor (VCR). To approximate this resistance in the 
triode region: 
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2 
lV | 
2 Z GS(off) (8.3) 
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A term not defined in Chapter 3—transconductance at zero 
gate bias—may be calculated as follows: 


KI sg 


= __DSS_ (8.4) 
Vescoff) 
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Likewise, transconductance at any bias may be calculated as 
follows: 


Vv 
GS 
fs fso =e 
Gate-source cutoff voltage also is related by: 

K I 


DSS 
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In all the equations above, we may let K = 2, 
A close approximation of the zero temperature coefficient (0 
TC) may be derived (but not from Shockley's equation): 


2 
pz ~ 'pss (aed 


8.2.1 Biasing for Amplifier Service 


The problem of wide parameter variations becomes immediately 
apparent when we construct a dynamic load line to initiate our 
design of a Class A amplifier stage. Which output characteristic 
is typical for the JFET? Obviously, as we examine the data 
sheet, the answer is "More than one!" For example, using the 
data sheet for the 2N4868 (Figure 7.2), the limits of Vqgroff) 
span from —1.0 to ~3.0 V, and Ingg from 1 to 3 mA. Fortunate- 
ly, using the typical output-characteristic performance curves 
that represent this JFET (Figure 8.1) we can select and super- 
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impose those for a Voscoff) of —1.0 and —3.0 V, as shown in 
Figure 8.2. 

At least three popular biasing methods have found wide use. 
These are: 


Constant-voltage biasing (see Figure 8.3a), especially useful 
when using very low values of d-c drain resistors common in 
high-frequency amplifiers, where transformer coupling is fre- 
quently used 

Constant-current biasing (see Figure 8.3b), particularly suited 
in low-drift, d-c amplifier service using differential pairs 

Self-biasing (see Figure 8.3c), a widely used method that greatly 
simplifies a-c amplifier design 


Regardless of which type of biasing we select, the operating 
point of the JFET—the "Q" point—is based on the sort of per- 
formance we expect of the JFET. That is, are we designing a 
linear amplifier, a high-gain amplifier, an oscillator? Whatever 
our design, it is important that Vpg be sufficiently greater than 
Vp to ensure that the JFET is operating in its saturation (or 
pinch-off) region. 

Earlier, we discovered that Shockley's equation (Eqs. 2.2, 
4.2, and 8.1) identifies a relationship between Vqg and Ip. 

The operating Q-point we establish with bias, Vocg, which, in 
turn, produces the quiescent drain current, Ing. If we do not 
make use of the characteristic curves offered by most vendors 
(as we see in Figure 8.1 and 8.2), our design may produce 
widely varying results! 

An excellent biasing scheme that is somewhat more costly in- 
volves using a constant-current source as shown in Figure 8.3b. 
Although widely used to bias differential pairs, it is an especial- 
ly popular biasing scheme for source followers, as shown in 
Figure 8.4. 

Summarizing a few basics, Figure 8.5 identifies both the 
circuits and equations for the three principal JFET circuits: 
common source, source follower, and common gate. 

Designing high-frequency amplifiers requires an additional 
manipulation of stability factors (both Linvill for device stability, 
and Stern, for circuit stability), which the reader is encouraged 
to check in the references concluding this chapter, 

The differential pair, to be completely effective, must be 
operated at the data-sheet-prescribed drain current to ensure 
both the offset and drift specifications, as well as common-mode 
rejection ratio (CMRR), if this specification is offered on the 
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Figure 8.3 (a) Constant-voltage biasing for JFETs. Note the 
resistor voltage divider that establishes the gate potential. 
(b) Constant-current biasing for JFETs. A current regulator 
sets the drain current. This fixes the output voltage for any 
load. Bypassing the current regulator will lower the stage gain. 
(c) Self-biasing. Bypassing the source resistor will increase 
the gain of the circuit. 
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Figure 8.4 Constant-current biasing of source followers in 
which (a) a current source is used to improve stability and 
(b) a pair of matched JFETs serves this purpose. The input- 
output offset may be set at zero. The source resistors may be 
selected to set the performance at or near the specified zero 
temperature coefficient operating drain current. 
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Figure 8.6 Schematic for a JFET-input operational amplifier. 


data sheet. There is no better means than to use a “long- 
tailed pair" dual JFET tied to a constant-current source, as 
shown in Figure 8.6 for the JFET-input operational amplifier. 
Keep in mind that the constant-current source must pass the 
current of both JFETs. Optimum performance is best attained 
when operating from balanced rails (viz., + same magnitude of 
voltage), where the dual JFET sources are at zero potential with 
respect to the common ground (greatly simplifying the gate 
biasing). Referring to Figure 8.6, we have 15 V across the 
constant-current source (Motorola 1N5313 or Siliconix CR430 at 
430 pA) and 15 V across the combined JFET and load resistance. 
To further ensure proper operation of the dual JFET, we es- 
tablish a drain voltage Vpg sufficient to keep operation in the 
saturation region. Half the rail voltage (7.5 V) should do this 
nicely, the load resistors and the JFET sharing equally: 


-~/+5 sg 35 Ka (8.8) 


215 x 10° 
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where 215 x 10-6 = 430 yA/2. 
Voltage gain for the differential amplifier is the same as for 
a single common-source stage: 


rgky, 
Ay = iv¢g Rk, (8.9) 
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An interesting exercise shows the advantage of using a con- 
Stant-current diode in the common source of the long-tailed pair 
dual : 


Beghy 
A Se i eee (8.10) 
CM 1+ 26 Ro 


where Rg is the value of the common-source resistor. We can 
immediately see that if Rg is high, then Acy is low. The lower 
the better (preferably zero!). 


8.2.2 Biasing for Switching Service 


Often JFETs are pressed into service as analog switches where 
the input signal rises and falls symmetrically about a fixed 
reference, which may or may not be at ground potential. If we 
remember the relationship between rps(on) 8nd Vgg (Eq. 8.3), 
we should not be surprised to learn that performance is acutely 
dependent on both gate bias and signal amplitude. For an ex- 
ample, let us take the 2N4392 that we examined in Chapter 7. 


Min Max 


Vascoft) = =o ¥ 


“Ds(on) 60 Q 


The 2N4392 is used as a simple series-connected, single-pole, 
single-throw (SPST) switch driven indirectly from + rails (Fig- 
ure 8.7). Can you explain the following matrix? (Hint: Assume 
that we can turn the SPST switch full ON or full OFF. Check 
what gate bias will ensure an OFF condition.) 


Rail voltages Analog voltage range 
~15 V +15 V —10 to +15 V 
-10 V +20 V —5 to +20 V 
~12 V +12 V —-7 to +12 V 


To ensure a full OFF condition when the JFET gate is biased 
beyond cutoff, we must remember that gate bias is always refer- 
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Figure 8.7 The simple series~connected JFET switch. 


enced to the source. Consequently, if the analog signal—im- 
pressed on the source of this n-channel JFET—swings negatively 
to where the gate-to-source voltage Vgsg is less than | Vggcoffy! 
the JFET will turn ON! The analog switch offered in our ex- 
ample is powered from the rails. The only negative bias must 
come from the negative-polarity rail. Since we must ensure 
cutoff (for an OFF-state condition), the analog signal is limited 
to 5 V above the negative rail (check Vqsgcoffy for the 2N4392). 

JFETs in digital circuits must respond to zeros and ones, 
which often originate from either TTL or CMOS. A logic-com- 
patible JFET circuit presents a challenge to the designer. A 
JFET is full ON at zero gate-source bias (logic 0). Unfortunate- 
ly, an n-channel JFET is still ON at logic 1!. However, a p- 
channel JFET turns OFF when its gate bias rises above Vasvoff): 
so if we select a low Vogcoft p-channe! JFET, we may succeed 
in establishing a logic-compatible JFET circuit. The successful 
circuit, using the p-channel JFET, may operate as a level 
shifter or logic gate, as shown in Figure 8.8. But to be suc- 
cessful we must select a JFET whose Vagioff) is less than the 
logic 1 level. For +5 V logic, the 2N5116, having a Vas(off) 
maximum of +4 V, may be the right choice. 


8.3 Powering Up the Smal!-Signal MOSFET 


As we have learned, the MOSFET may be constructed to perform 
either as a depletion-mode or as an enhancement-mode transistor. 
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Figure 8.8 A low Vaqgroff) P-channel JFET performs like a logic 
gate or level shifter. 


Furthermore, should we use a depletion-mode transistor, we can 
bias it into enhancement (see Figure 1.10). If the gate is not 
zener protected against electrostatic discharge (ESD), we may 
allow the gate voltage to swing both positively and negatively 
with respect to the source. No gate current can or will flow. 

At zero gate voltage, the depletion-mode MOSFET is normally ON, 
whereas the enhancement-mode MOSFET is OFF. 

For the most part, biasing the small-signal MOSFET closely 
follows the rules just given for the JFET. Naturally, we need 
to realize that the enhancement-mode MOSFET may be biased di- 
rectly from the same source as Vpnp. 

Whereas the JFET is a three-terminal device (source, drain, 
and gate), the MOSFET has at least four terminals, the fourth 
being the body. Many small-signal MOSFETs and all large-signal 
(power) DMOSFETs have the body terminal bridged internally 
(on the chip) to the source. If the body is not bridged inter- 
nally but exists as a terminal—remembering that the body can 
act as a pseudo-gate (see Figure 5.8)—-it is often critically im- 
portant to the performance of the MOSFET that it be back~biased 
to the greatest potential the MOSFET will experience. That is, 
for the n-channel MOSFET, the body should be biased nega- 
tively; for the p-channel, positively. The body effect is best 
observed in Figure 8.9, which shows all the characteristics of 
the JFET's operating gate current that we saw earlier in Figure 
4.8. 
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Figure 8.9 The body, acting as a pseudo-gate, exhibits an 
operating "gate" current much like the JFET, which is principal- 
ly dependent on the drain-body voltage and to a lesser extent 
on drain current. 


8.3.1 The Depletion—Mode MOSFET 


The operating characteristics of the small-signal, depletion-mode 
MOSFET closely resemble those of the JFET. As the drain volt- 
age rises with a fixed-gate bias, we first witness the so-called 
triode region, where the increasing current closely follows Ohm's 
law. This is operation below pinch-off, where Vypg is less than 
Vas(off): As we continue to increase the drain-source voltage 
(substrate tied to source), the conductance (1l/rpsg(on)) gradual- 
ly decreases and we see the drain current begin to saturate. 
Although this operation is reasonably similar to the JFET, there 
is sufficient dissimilarity to warrant our examination of the equa- 
tions for drain current and transconductance. 

For the depletion-mode MOSFET: 


_« 7 2 
In = F Ves ~ Yescorey? A861?) 
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(8.12) 





= K(Veg — Vescorey 


where Vqgs exceeds Voscoff) and Vps is greater than the dif- 
ference. 


8.3.2 The Enhancement-Mode MOSFET 


We learned earlier that, operationally, the enhancement-mode 
MOSFET bears little resemblance to the small-signal JFET except 
that it too has a triode (Ohmic) region and a pentode (or satura- 
tion) region. At zero bias, whether the MOSFET is n-channel 
or p-channel, the MOSFET is OFF. 

For the enhancement-mode MOSFET, the equations follow 
closely those of the depletion-mode MOSFET: 





K 

Iyb* 2 Sas ~ Yasctny? (8.13) 
dlp 

Brg * aVGs = KVoag — Vesctny? Coe14) 


where Veg exceeds the threshold voltage, and Vps is much 
greater than the difference. 

Biasing the enhancement-mode MOSFET to initiate drain cur- 
rent requires raising the gate voltage (same polarity as the 
drain) above the threshold voltage Vy. Since the more common 
use of enhancement-mode MOSFETs is in logic (or switching) 
applications, the principal goal in establishing the correct bias 
is to maintain compatibility with various forms of logic. When 
logic 0 (low) is at zero volts, we fix the gate bias at zero to 
ensure that the MOSFET is OFF. When the logic state is 1 
(high), the MOSFET is ON, provided, of course, that the gate 
voltage rises sufficiently above threshold to establish turn-ON. 

Problems may arise when we attempt to combine a discrete n- 
channel MOSFET and a p-channel enhancement-mode MOSFET to 
simulate a CMOS structure. More often than not the devices 
may have mismatched thresholds (Vy), which may result in 
shoot-through currents during switching. This shoot-through 
is minimized if we maintain rapid switching. Standby power 
dissipation is negligible when MOSFETs are used in the CMOS 
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configuration, whereas during switching such dissipation becomes 
a function of the shoot-through current and the switching speed. 


8.4 Powering Up the Large-Signal (Power) FETs 


Unlike our experience in powering up small-signal FETs and 
MOSFETs, when we operate large-signal FETs we may be handling 
substantial power, if not also high voltages. Remember that 
metal packages, such as the popular TO-204 (formerly the TO-3), 
have the drain tied to the case, thereby maintaining the case at 
the operating drain voltage. Likewise the plastic-packaged 
transistors have drains common with their metal tie-down tabs. 
Potential lethal voltages may be on either the case or the tab. 
One precaution that needs continual emphasis: take special 
care to remember that all FETs—and in particular power FETs— 
operate through the application of a gate-to-source voltage. If 
you use an n-channel FET where the load is between source 
and ground and you drive the gate with a potential referenced 
to ground, you may be in for a rude awakening. Study Figure 
8.10 to understand the problem. 


8.4.1 The Static-Induction Transistor 


Although not universally popular, the SIT may find application 
both as an amplifier and as a switch. As an amplifier it resem- 
bles the triode and, for the most part, we can follow the design 
procedures for the triode vacuum tube to develop suitable SIT 
circuits. Consequently, for either amplifier or oscillator service, 
if we have the output characteristics for the SIT (see Figure 
2.7), using the graphical analysis routine, we begin with a 
Suitable load line superimposed on the output characteristics 
(see Figure 4.14). 

The simplest amplifier circuit, shown in Figure 8.11, yields 
the relation: 


ea = Yop ~ la Ry (8.15) 


} 
The line, repeated in Figure 8.12, passing through the following 
points: 
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Figure 8.10 (a) Because gate drive is always referenced to the 
source, the n-channel, enhancement-mode MOSFET performs 
poorly as a source follower (series-connected switch). The out- 
put voltage is limited to Vos — Vtpn- (b) The successful series- 
connected switch uses a p-channel, enhancement-mode MOSFET 
with gate referenced to +Vpnp (OFF) and pulled down to turn 


ON. 
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is called a load line. With a value of R,; at the established oper- 
ating voltage Vpp, at the bias level selected (the "Q" point in 
Figure 8.12}, we may determine the operating drain current Ip. 


The Many Ways to Power Up FETs 213 







Output 


RL Voltage 


Figure 8.11 A simple Class A FET amplifier circuit. 


The practice of using the depletion-mode SIT as a switch, is, 
in principle, similar to using the JFET, except that with the 
SIT, Vascoff) and the input capacitances are generally much 


larger, requiring both higher cutoff voltages and heavier drive 
current (see Eq. 3.9). 


8.4.2 The Power DMOSFET 


This popular power FET is finding use in a variety of switching 
applications as well as in amplifier service. Its near-linear trans- 
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Figure 8.12 Load line and "Q" point of the simple Class A 
amplifier. Fixing a bias level establishes the operating drain 
current. 
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Figure 8.13 An op-amp helps in establishing the quiescent oper- 
ating drain current of an enhancement-mode power DMOSFET 
audio amplifier. (From W. D. Roehr, "A Simple Direct-Coupled 
Power MOSFET Audio Amplifier Topology Featuring Bias Stabiliza- 
tion." Copyright © 1982, IEEE. Reprinted with permission from 
International Conference on Consumer Electronics, June 9-11, 
1982, pp. 136—7.) 


fer characteristic in the velocity-saturated region (see Figure 
4.27) accounts for the popularity of the transistor in amplifier 
work. 

When using the power DMOSFET in audio amplifier applications, 
because of the threshold voltage and its dependence on tempera- 
ture (~ —6 mV/°C)—and perhaps a more insidious dependency 
on factory lot-to-lot variances—biasing the DMOSFET often re- 
quires some form of feedback to maintain the quiescent idle drain 
current. The op-amp generally finds service for this task, as 
shown in Figure 8.13. 

Biasing the power DMOSFET for switching is easier because 
our sole concern is with either a full ON or a full OFF condi- 
tion. To adequately understand and cope with the biasing neces- 
sary, we need to remember that the DMOSFET, like all FETs and 
bipolar transistors, is a charge-coupled device. Aside from bear- 
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Figure 8.14 Biasing is always referenced to the source of the 
FET in question, irrespective of location within the circuit. 


ing in mind that the FET exhibits no storage time and, there- 
fore, switches faster than its equivalent bipolar transistor, we 
need to be aware that our biasing will, to some extent, be re- 
sponsible for the ultimate switching efficiency. 

It is important to remember that any gate bias for any FET 
must be referred to its source. Our drive is always Vos: never 
Vq alone, or to ground (unless, of course, the FET source is 
also at ground). This is especially critical when driving 
DMOSFETs in totem-pole configurations, such as in H-bridge 
motor drives, or in any cascade configuration where the upper 
DMOSFET has a fluctuating source reference, as illustrated in 
Figure 8.14. 

When operating the power DMOSFET as a switch, we need to 
be cognizant of the data sheet specifications, especially the gate- 
to-source voltage necessary to achieve the lowest ON resistance 
(rpsc(on): Figure 7.12). If we bias the DMOSFET only to 
achieve our desired operating current, without taking due pre- 
cautions of rng(on)» We May have an excessively high Vgar 
(Figure 7.14), and we may exceed the dissipation of the tran- 
sistor. When using the power DMOSFET as a switch, it is best 
to switch it fully ON (and OFF)—and switch it fast. 

Aside from applying the necessary gate bias voltage to 
achieve sufficient drain current (or,:!preferably, lowest PDS(on))» 
we must be sure to supply sufficient drive current to overcome 
the effects of capacitance. Any trapezoidal gate drive, or other- 
wise slow turn-ON gate drive, will only tend to cause excessive 
power dissipation in the DMOSFET and should be avoided, if 
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Switching the power DMOSFET at speeds equaling or exceed- 
ing the data sheet specifications can, at times, be frustrating if 
we are not prepared to deal with the effective input capacity. 
Remember we are not dealing with Cgsg alone, but with the greater 
contribution called the Miller capacitance, which, together with 
Cg, may be a formidable load for any logic driver. It takes 
more than +10 V to switch an n-channel DMOSFET, it often takes 
power. All FETs (whether n- or p-channel) are charge-coupled 
transistors; they differ from bipolar transistors in ‘that once 
turned either ON or OFF, they no longer require sustained 
drive. Initially, in the turn-ON or turn-OFF cycle, you may 
see little difference in the drive requirements between FETs and 
bipolar transistors. 

To gain a better appreciation of the drive current the follow- 
ing equation is useful: 


‘ C dav 
i= 


at (8.16) 





where 


C = total effective input capacity 
dv = change in gate drive voltage 
dt = speed you wish the FET to switch 


Although driving from +15 V CMOS is desirable, to overcome 
the Miller effect of the larger power DMOSFET, it often is advis- 
able to use intermediate stages of smaller capacity DMOSFETs 
arranged in the classic CMOS totem pole. The classic CMOS 
stage is an inverter; that is, a positive-going input pulse results 
in a negative-going output pulse. If we wish to drive a large 
n-channel DMOSFET, our initial driving pulse to the power CMOS 
driver must be negative-going, as seen in Figure 8.15. 


8.5 Powering Up the insulated-Gate Bipolar 
Transistor 


The IGBT will have application only as a high-current, high- 
voltage switch. Turning it ON or OFF is not unlike what we 
have just described for the power DMOSFET, but with one ex- 
ception: we must not crowbar the gate (short the gate to emit- 
ter) to achieve a faster turn-OFF. The IGBT has what might 


The Many Ways to Power Up FETs 217 
+V¥op 


eS ¥ Load 


ia; ! md a VSAT 
Large DMOSFET 


Low-Power Er ee. 


| [2nroo 
-15 V 


Figure 8.15 To achieve a high-current drive, use a pair of 
low-power-rated, n- and p-channel, enhancement-mode power 
MOSFETs to drive the large MOSFET. Note that the CMOS 
totem pole inverts the drive signal. 


be called a maximum controllable collector current that depends 
on the turn-OFF slew rate of the gate. If, in an attempt to 
discharge the gate too swiftly, we lose control of the collector 
current, 4 runaway condition leading to latch-up may occur. 
Like the power DMOSFET, the IGBT gate represents a 
capacitive impedance. Like all transistors, the IGBT is a charge- 
coupled transistor, and turn-ON becomes a function of how much 
current can be delivered (Eq. 8.16). Consequently, it is to our 
advantage to drive the IGBT gate from a low impedance. How- 
ever, a low-drive impedance acts both to deliver more current 
to the gate and to accept more current from the gate. Con- 
ceivably, a low-gate-drive impedance might contribute to a loss 
of collector-current control. To thwart any mishap, Figure 
8.16 offers a suggested gate drive circuit. Rapid discharge of 
the IGBT gate has little meaning because of the storage time 
that is inherent in the structure. 
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Figure 8.16 Driving the IGBT. The diode forces the gate to 
discharge through the gate-emitter resistor rather than through 
the low-impedance drive. 
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9 
Where Small-Signal FETs Are Found 


9.1 Introduction 


Despite the chapter title, we confess to giving the reader only 
a peek into the endless array of applications in which small- 
signa] FETs are used. A basic building block, as the FET 
surely is, finds an astonishingly wide latitude of usage, ranging 
from toys to high-reliability military electronics—as well as 
everything in between. 

Taking a broad-brush view, we can label the greater major- 
ity of applications as fitting into two general classifications: 
linear and switching. Let us further define analog as being a 
linear function and digital as being a switching function. 

Confusion abounds when defining "small signal." We define 
it as dissipating less than 1 watt of d-c power. 


9.2 FETs in Linear Circuits 


JFETs and MOSFETs both find utility in linear applications but 
not necessarily in satisfying the same needs. The FET has 
distinctly unique characteristics not, equaled by any other semi- 
conductor. We remember Shockley's equation (Eq. 2.2), which 
identifies a saquare-law relationship between gate bias (Vgg) and 
drain current (Ip). This equation is a power law equation, 
which suggests that the FET, by definition, offers low distortion. 
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We can further substantiate this claim by examining the Taylor 
series power expansion, where we see the relationship of signal 
drain current iy, to signal gate voltage ep: 


1 agin 2 


1a ~ On®e 7 2 ave, Ce 


t 7 


Linear Square law Cube law 


1 
+3 e + 2 2 (9.1) 





§.2.1 In Low-Distortion Applications 


Since Shockley's equation identified the JFET as a square-law 
device, we can expect this Taylor expansion (Eq. 9.1) to decay 
rapidly after the second (square-law) term. The end result is 
that the JFET may perform as a linear (square-law) amplifier! 

Not only does the small-signal FET perform as a linear element 
for amplifier service, but to further utilize its remarkable lack 
of higher order harmonics, as witnessed by Eq. 9.1, we also 
find the FET useful as a wide-dynamic-range, high-frequency 
mixer where square-law performance is crucial to end-use per- 
formance. Further reduction of harmonic distortion products may 
be achieved when the FET is used in either the single-balanced 
or the double-balanced mixer configuration, Shown in Figure 
9.1. 

We must not be misled into believing that FETs are perfect 
square-law devices. Although Shockley's equation (Eqs. 2.2, 
4.2, and 8.1) is often shown with the exponent of 2, such may 
not always be the case. Careful attention to the transfer char- 
acteristics of any FET or MOSFET will show highly nonlinear 
effects as we enter the conduction region. Unless we can avoid 
this region, we cannot avoid higher order responses. Despite 
this anomaly, the FET outperforms the bipolar transistor, whose 
transfer characteristics are exponential throughout! 

Combining also the JFET's low gate current, low noise, and 
high input (gate) resistance with low purasitic capacitance and 
wide gain-bandwidth, we have an ideal transistor for both high- 
fidelity audio preamplifiers (Figure 8.2) and high-frequency 
radio-frequency amplifiers (Figure 9.3). Again, to ensure both 
& low gate current and a high input resistance, caution must be 
taken in the design phase to ensure that Vpygq les below the knee 
of the gate current curve (see Figure 4.8). 
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Figure 9.1 (a) Single-balanced JFET mixer for high-frequency 
operation. Intermodulation intercept point may reach beyond 
+30 dBm (input) with local oscillator drive levels of +17 dBm. 
(b) Double-balanced JFET mixer offers one-third less harmonic 
output than (a) due to the balance of both local oscillator and 
signal. 
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Figure 9.2 Using square-law FETs as push-pull (Class B) audio 
amplifiers greatly reduces the harmonic content and gives a 
Pleasing audio effect. 


9.2.2 In High-Frequency Amplifiers 


When using the JFET in high-frequency applications, we have 
the option of using the transistor either in what is commonly 
identified as common source (as we saw in Figure 9.3) or in 
common gate, as seen in Figure 9.4. Both have their individual 
advantages and disadvantages. Summarizing these, the common- 
source amplifier with the high gate impedance provides higher 
gain. A major advantage is that the amplifier will provide a low 
noise figure simultaneously with high gain. A major disadvantage 
that offsets the high gain is the potential instability, which often 
requires critical neutralization (the inductive feedback circuit 
shown in Figure 9.3). 

The common-gate amplifier offering a low input impedance 
makes matching easier and ensures stable performance without 
neutralization. Unfortunately, the lowest noise figure is not 
always accompanied by the highest gain. 
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Figure 9.4% The typical common-gate amplifier offers stability 
under adverse load conditions. 


When using FETs, we need to remember that because of their 
intrinsically high gate/drain impedance, FETs tend not to be 
broad band. Although common-gate operation will broaden the 
input circuit, the drain impedance remains high and the resulting 
overall bandwidth is narrow. 

JFETs that have been popular in applications from high 
through ultrahigh frequencies are the 2N4416, used in the 
common-source configuration, and the U310 series, especially 
designed for use in common-gate circuits. These JFETs have 
been fully characterized for high-frequency service, and either 
admittance or S-parameter data may be found on their data 
sheets. 

The once-popular dual-gate MOSFETs that used to be common 
in all TV tuners are, for the most part, built and supplied by 
offshore vendors. The dual-gate MOSFET, which is actually a 
cascade pair of MOSFETs, has an outstanding gain-bandwidth 
because of its phenomenally low feedback capacitance. Yet, its 
drain impedance is as high as that of the more common single- 
gate MOSFET. 


9.2.3 As Video Amplifiers 


JFETs perform remarkably well as video amplifiers offering gain- 
bandwidth products in excess of 200 MHz. Coupled with high 
d-c input (gate) resistances, low input capacitances, and flat 
group delay, they are aptly suited for the first stage of am- 
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plification in video cameras where low (1/f) noise is extremely 
important. 

However, to achieve the desired bandwidth requires special 
attention to the input impedance match of the amplifier. Gen- 
erally, the higher the impedance, the narrower the bandwidth. 
By referring to the FET's admittance parameters, we discover 
that the input resistance varies inversely with the square of the 
frequency, whereas the input reactance is inversely proportional 
to frequency. 

Regardless of the circuit considered for the video amplifier 
(common source, source follower, cascade, etc.}, the bandwidth 
is determined principally by the RC time constant of the input 
circuit. 

A suitable JFET for video camera applications offering ex- 
tremely low 1/f noise and an excellent gain-bandwidth product 
is the 2SK152. 


9,2.4 In High-Frequency Probes 


The JFET's high input (gate) resistance provides an opportunity 
for signal sampling without the disadvantage of loading the cir- 
cuit under examination. However, to ensure a high input resist- 
ance we must keep gate current low (see Figure 4.8 and ac- 
companying text). An especially good JFET for high-frequency 
Signal sampling is the 2N4416A. Because of its low parasitic 
reactances, it offers little or no signal distortion—provided, 

of course, that we observe proper caution with regard to its 
operating gate current. 


9.2.5 In Sample and Hold Circuits 


A high gate resistance makes the FET especially suitable for 
sample and hold circuits, such as that shown in Figure 9.5. 
Most sample and hold circuits operate from relatively high im- 
pedances, which frees us to use FETs with low channel conduc- 
tance, exhibiting low gate-drain and gate-source capacitances, 
hence having negligible charge-transfer characteristics. Fur- 
thermore, since FETs also exhibit no offset voltage, these ad- 
vantages greatly enhance their suitability in sample and hold 
applications. For applications in which the source impedance 

is high (> 50 kQ2), the 2N4117A series JFET is especially suited. 
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Figure 9.5 A sample and hold circuit using JFETs both for 
switching and sampling. The low gate-drain capacity reduces 
offset errors that might result from gate charge effects. 


In one popular application, ion-detector smoke alarms, an 
ultrahigh gate-input resistance provides the sensitivity to ionized 
smoke particles necessary to trigger an alarm. The MOSFET 
commonly used is the p-channel, enhancement-mode 3N163, cap- 
able of sensitivities in the low femtoampere (10°15 A) range. 


9.2.6 To Improve Op-Amp Performance 


JFETs are often used to improve the performance of bipolar 
operational amplifiers (op-amp), shown in Figure 9.6. FET-in- 
put op-amps offer much lower input bias current with higher 
slew rates (20 V—40 V/us is typical). Additionally, they pro- 
vide a far superior frequency response because of reduced 
phase shift. Because of their close match of transconductance, 
the JFET-input op-amp exhibits dramatically improved CMRR. 
The JFET chosen for wide-bandwidth (to 100 MHz) service is 
the dual 2N5912. For lower frequency performance, the Siliconix 
U401 series is preferred because of its exceptional low gate cur- 
rent. 

Improved performance can be achieved using cascade JFET 
duals, the principal advantage being a dramatic reduction in 
operating gate current due to the reduced drain-gate. voltage on 
the input pair. An additional advantage of the cascade pair is 
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Figure 9.6 The cascade dual-JFET op-amp input ensures ex-~ 
ceptionally low gate current and Miller capacitance. The gain- 
bandwidth of the 2N5912 can reach to 100 MHz. thus ensuring a 
fast slew-rate response. 


a considerable reduction in Miller capacitance. As the Miller 
effect decreases, we see a progressively improved gain-band- 
width. 


9.2.7. As Constant-Current Regulators 


Because of the low output conductance of some JFETs, notably 
those with long gate diffusions (low-frequency devices), when 
operating in the saturation region they perform as current 
regulators over a wide voltage range (from just above V,, to 
slightly below VBR DS }. The quality of current regulation is 
strongly dependent on the JFET's output conductance gy5,> 
which, in turn, is closely related to its drain current. The out- 
put conductance decreases approximately Mnearly with Ip, be- 
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coming less as we bias the JFET closer to cutoff, Vas off): 
Consequently, the lower the drain current, the better the 
regulation. 

Alternatively, excellent regulation is achieved by using JFETs 
in cascade. Here the naturally low output conductance is fur- 
ther lowered by the degenerate feedback formed by the pair. 
The output conductance of the combination approximates the 
following: 


e 2 
“3s (9.2) 
"Bos i bts : Rg (Br. . Bos? fs ss os ) 


A JFET, either singly or in cascade, can be used effectively 
as a constant-current source by self-biasing the gate to es- 
tablish the desired current (see Figure 9.7). The amount of 
bias is easily determined if we begin with Shockley's equation 
(Eq. 8.1) and solve for Vcs: 


2 


I 

D 

Yos = Vascoth| = — | (9.3) 
DSS 


Solving for the value of bias resistor, we find: 


R = —— (9.4) 


lly 


Figure 9.7. The JFET as a constant-current source and the 
Symbol representing this. 
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JFETs exhibiting the desired long gate are easily spotted in 
the data sheet, where their low Zos gives them away. Such 
JFETs as the 2N4867 series find wide use as current limiters, 
as well as, of course, those that are specially designed for such 
service, such as the Siliconix CR and CRR series and the 
Motorola 1N5283 through 1N5314 series. Regulators offering 
higher currents with exceptional regulation can be constructed 
using the cascade arrangement with practically any JFET whose 
Ings is equal to or preferably greater than the current desired. 


9.2.8 As Voltage-Controlled Resistors 


A voltage-controlled resistor may be defined as a three-terminal 
device, as the JFET may also be defined. Under certain operat- 
ing conditions (Vpg << V,), the resistance between drain and 
source is a function of the gate-source voltage alone. However, 
there are restrictions in the use of uncompensated JFETs as 
VCRs. The fundamental restriction involves keeping the drain 
voltage low to ensure operation in the “triode region." A second 
restriction involves using the JFET as a VCR for analog signals, 
where third-quadrant performance is expected, as evidenced in 
Figure 9.8. Because of the nature of the gate-channel (pn) 
junction severe nonlinearity results once the drain voltage (the 
analog signal) has exceeded the barrier potential of the gate- 
channel junction (V,;). 

We may characterize the JFET as a VCR: 


— dt, _ —4I ngs ies 
os AV, Vd Vqg/v) 


where £5, is, in reality, l/rns on)° 

To permit low-distortion performance of large analog signals, 
a simple feedback scheme (Figure 9.9) greatly reduces signal 
distortion. 


9.2.9 In Cryogenic Amplifiers 


Silicon carrier freezout is dependent to some extent on the doping 
concentration of the epitaxy, but generally little performance 
can be expected below 45 K for most JFETs. However, since 
the majority of cryogenic applications occur in Hquid nitrogen 
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Figure 9.8 The JFET voltage-controlled resistor mimics the 
resistor in the first quadrant but runs into trouble if the third- 
quadrant signal voltage amplitude rises more than a few hundred 
millivolts. 
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Figure 9.9 Third-quadrant compensation of the JFET VCR allows 
operation with analog signal voltages of considerable magnitude. 
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(77 K), the JFET is especially useful as o high-input-impedance 
amplifier because of its low gate leakage current and low flicker 
noise. 


9.2.10 As Photosensitive Detectors 


Although not readily available as a commercial product, the sili- 
con JFET can be used as a photo-FET, combining in a single 
structure (the chip) both a photodiode—the gate structure—and 
a low-noise JFET amplifier structure. A truly efficient photo- 
FET needs a large surface area with an exposed gate thin 
enough to allow the light-created carriers to collect along the 
pn (gate/channel) junction. Commercial JFET chips do not 
provide optimum performance, although they have found applica- 
tion in sensing infrared radiation, where they appear to be most 
sensitive. 


9.2.11 As Low-Leakage Diodes 


We seldom appreciate the solution the JFET offers when seeking 
a low-leakage diode. The best diodes, capable of a minimum 
breakdown voltage of 34-40 V, will have reverse leakage cur- 
rents ranging from 5 to 9 pA and up. Reflecting on what we 
have read in this volume, it comes as no surprise that the gate- 
to-channel p-n "diode" of the JFET offers remarkably low leak- 
age at reasonable voltages. It is not a fast diode, but it does 
provide extraordinarily low leakages. Use the gate as the anode 
and either the drain or the source as the cathode. Clip the un- 
wanted lead(s). Remember that leakage is dependent on both 
voltage and temperature (Eqs. 4.3 and 4.4). 


9.3 FETs in Digital and Switching Circuits 


Digital and switching applications have relied on FETs for many 
years. The many distinct advantages offered by FETs when 
used as switches have enhanced the popularity of these devices. 

Although FETs offer a higher ON resistance than mechanical 
switches or relays, they have the advantage of providing a con- 
sistent ON resistance over the life of the switch. Naturally, if 
switching speed, and life, have any importance, the solid-state 
switch will always outshine the mechanical switch. 


If our FET switch exhibits constant ON resistance as the 
signal amplitude varies, we then have no resistance modulation 
distortion. Distortion based on a varying resistance, drpg(on)> 
may be calculated as follows: 


100 dP s(on) 


(Re, . Ri . "DS(on) : 8? s(on) 


% distortion = (9.6) 


Yet, if our signal frequency is high ee to couple through 
the parasitic capacitances of the FET (C gd? C5)» it is conceiv- 
able that the resulting spurious gate bias might induce a form of 
resistance modulation! This would be progressively more serious 
as the signal frequency rose. 

Comparing the FET switch to the bipolar transistor as a 
switch, we discover that FETs are bidirectional, offer higher 
OFF isolation, have no offset voltage, and, of particular impor- 
tance, have no minimum voltage (aside from charge transfer, 
which, for low-level signals, may introduce "glitch" errors). 
Also FETs are much easier to drive. 

OFF isolation for the FET depends on the performance and 
size of the isolation pn junctions. Consequently, the attenuation 
is dependent on both the impressed voltage across the junction 
and the junction temperature (see. Eqs. 4.3 and 4.4). High- 
frequency OFF isolation is strongly dependent on the capacitance 
across the switching junction—usually drain-source capacitance— 
and is little affected by temperature. 

Perhaps the most popular form of FET for digital applications 
is the complementary metal-oxide semiconductor field-effect 
transistor or CMOS, consisting of both an n-channel and p-chan- 
nel MOSFET. CMOS transistors as well as discrete JFETs and 
MOSFETs have found wide application in switching both digital 
and analog signals. 


9.3.1 In Logic Drives 


Handling or receiving digital signals, such as from TTL, is gen- 
erally not the task of the JFET because of its unpopular biasing 
requirements—needing two polarity rails—whereas TTL generally 
performs on a single (positive) polarity rail. However, the 
small-signal, n-channel, enhancement-mode MOSFET fits very 
well for both TTL and low-voltage CMOS (+5 V), since only one 
(positive) supply is needed. A MOSFET similar to the 2N7000 
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would perform quite well as a simple inverter in a TTL-driven 
application. 

Emitter-coupled logic (ECL: also referred to as current-mode 
logic), unlike other popular forms of logic (CMOS and TTL), 
bases its superspeed on switching well-defined currents using 
nonsaturating bipolar transistors. The voltages involved in 
ECL are quite incompatible with FETs. 

CMOS, in the traditional totem-pole circuit, finds extensive 
application as a high-current driver operating from balanced (+) 
rails, the p-channel enhancement "on top" tied to the positive 
rail, the n-channel enhancement underneath tied to the negative 
rail. Drains together make the output port. 

Enhancement-mode MOSFETs offer distinct advantages in logic 
circuits. They are ideally suited to integration, where thousands 
of discrete circuits may be placed on a single silicon chip. Be- 
cause of their threshold voltage (which maintains them normally 
OFF), they atso offer good noise immunity. If integrated, the 
body is common to all and, to ensure optimum isolation, it is 
generally reverse biased. 

MOSFETs find wide use in many areas. We can find them in 
transmission gates, inverters, bistable multivibrators, set/reset 
flip-flops, shift registers, and level shifters. 

JFETs and MOSFETs find application in logic applications 
such as flip-flops, astable and bistable multivibrators, Schmitt 
triggers, level shifters, and inverters. 


9.3.2 In Analog Switches 


One of the earliest applications of both JFETs and MOSFETs was 
as the active switch element in integrated and hybrid analog 
switches and multiplexers. The JFET and the MOSFET have 
differing advantages and disadvantages. Whereas complementary 
MOSFET (CMOS) analog switches can handle analog signals "from 
rail to rail," the JFET switch is restricted by the need of main- 
taining sufficient negative bias to fully turn OFF the switch (see 
Chapter 8). Yet, if resistance distortion is critical, the JFET 
switch can outperform many CMOS analog switches. 

Small-signal DMOS offers truly outstanding performance as a 
high-frequency analog switch. Not only can DMOS switch high- 
frequency signals but, unlike either the JFET or the classic 
MOSFET, it can switch them at very high speeds. Like the 
classic MOSFET, DMOS can be easily integrated into large single- 
chip arrays. An added benefit of DMOS that results from low 


234 Chapter 9 


parasitic capacitance is its low charge injection—resulting from 
a combination of low gate-drain and gate-source capacitance—a 
phenomenon that, if left to chance, could introduce error into 
the signal channel. 

Analog switches can be combined as multiplexers where sev- 
eral FETs, acting as switch elements, are joined to a common 
output. Again the type of FET will determine its performance, 
which is measured not by insertion loss, but, more commonly, 
by OFF isolation. Multiplexers, however, do have their share 
of problems. For example, drain capacitance is increased be- 
cause of the paralleling of the active switch clements to a com- 
mon output. An additional burden is cross talk—the super- 
imposing of a spurious signal from an OFF channel on the de- 
sired signal. There are at least four causes for cross talk. 


Leakage paths through finite OFF resistances 
Capacitive coupling 

Sampling 

Radiated coupling 


Only the last two need further discussion. 

Sampling is easiest understood if we consider that the perfect 
multiswitch (multiplexer) should perform as break-before-make. 
Each switch element has to open before any of the remaining in- 
dividual switches can close. Otherwise, we will have a short 
sample of the unwanted signal superimposed on the desired signal 
during that small interval when more than one switch is closed. 

Radiated coupling occurs when the switch opens. The high 
impedance caused by the open, unterminated line develops a 
high-intensity electric field that may couple to adjacent switch 
elements or to adjacent transmission lines, shown in Figure 9.10. 

Hybrid JFET analog switches are commercially available in a 
variety of switching configurations, such as SPST, SPDT, and 
DPDT, ranging upward from as low as 10 2. Switching speeds 
ranging from 150 to 250 ns are not the fault of the FET but of 
the inadequacy of the drivers. FETs switch as fast as you can 
charge and discharge the gate! 


9.4 Combined in Hybrid Assemblies and 
Integrated Circuits 


PMOS, NMOS, and CMOS are among the simplest of all FET inte- 
grated circuits. Early in the historical development of integrated 


Where Small-Signal FETs Are Found 235 


off 


100 signal _ 50% ons 


$—o0—vo S02 crosstalk 


8 


8 


Attenuation (dB) 





1000 


100 
Frequency (MHz) 


Figure 9.10 The effect of an open switch element of a double- 
pole, single-throw integrated circuit. The unterminated open 

end radiates to adjacent lines to effect a deterioration in cross- 
coupling by as much as 5 dB when compared to the cross-coupling 
of a closed switch (terminated). 


circuits, PMOS (p-channel MOS) was popular, but it has been 
largely superseded by NMOS (n-channel MOS) and CMOS. 

JFETs have found some application in integrated circuits prin- 
cipally in FET-input operational amplifiers. The success of 
PMOS, NMOS, and CMOS is largely due to the ease in isolating 
functions. Whereas isolation diffusions are necessary with 

either the bipolar or JFET process, MOS calls for little or nothing 
in the way of isolating junctions. As a consequence, with the 
MOS process we see an extremely compact packing density, and 
the resulting chip has many functions. 
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10 
Where Large-Signal FETs Are Found 


10.1 Introduction 


Over the past dozen years during which the power DMOSFET 
has been gaining in popularity, we have been exposed to numer- 
ous applications, most of them involving using the FET as a 
switch. Many of these switching applications have been covered 
in other texts as well as in a variety of trade journals and sym- 
posium records. Because of the widespread acceptance of the 
power DMOSFET, we will, instead, explore somewhat novel ap- 
plications that, to date, have received neither wide acceptance 
nor full appreciation. To be sure, some concepts described may 
need to be fully developed before they become practical. For 
others, we await the power FET needed to do the job. 

The static-induction transistor, of Japanese invention, still 
seeks a market in the West. Although the device has great 
potential both as an amplifier and as a switch, the gate cutoff 
voltage, being of the opposite polarity from the drain, necessi- 
tates having two power supplies. Additionally, Western customers 
tend to buy only products that are available from multiple sources. 
Regretably, the Japanese vendors seldom offer identical part 
numbers for identical goods. Although they may, indeed, sec- 
ond-source a transistor, the unique part number assigned is 
mistakenly felt to represent a non-second-source item. 

The insulated-gate bipolar transistor (IGBT) is still too new 
to have found wide application. We believe that if it is to be- 
come popular, a p-channel version will find wide application in 
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{i-bridge motor drives, where, situated in the upper section, 

we will have greater flexibility without the constant concern of 
shoot-through currents and damaging dV/dt. However, because 
of its natural limitation due to storage time and current tailing, 
IGBT performance may be limited to switching applications under 
20 kHz. 


10.2) The FETlington 


Many have compared the power DMOSFET with the Darlington 
pair because both exhibit a reasonably high input resistance and 
both offer high gain. But there the comparison stops. The bi- 
polar Darlington has several shortcomings not evident in the 
power DMOSFET. Power bipolar transistors exhibit storage time— 
a debilitating slowness in turn-OFF. A pair of power bipolars— 
the configuration of a bipolar Darlington—only compounds the 
storage time problems. Then there is the problem of saturation 
voltage (Vgar). For the bipolar Dartington VsaT can be ex- 
cessively high, especially when switching high currents. Then 
too, a bipolar transistor pair has the characteristic drive re- 
quirements. Although the input may seem high (as compared to 
a single bipolar transistor), we must continue to inject charge 
for as long as the Darlington remains conducting. Finally, we 
have thermal problems. 

Yet, the power DMOSFET alone is not equivalent to the bi- 
polar Darlington. We expect to see a tandem connection if we 
have a Darlington pair. Figure 10.1 shows such a tandem con- 
nection, an enhancement-mode, n-channel DMOSFET driving a 
power bipolar transistor, a FETlington. 

The circuit has several variables that define the performance 
shown in Figure 10.2. The base-emitter resistance Rpr, coupled 
with the ON resistance of the DMOSFET (shown as Rpg in Figure 
10.2), establish the base drive to the bipolar transistor. If we 
drive the bipolar transistor's base hard—a low Rpg and a high 
Rgp—turn OFF is characteristically slow because we have driven 
the bipolar device into saturation, where the Vcoa7 is exception- 
ally low. 

Conversely, if we raise the Rpg of the circuit and lower Rpp, 
we reduce the drive current of the bipolar transistor's base. 
Being far from saturation, the bipolar transistor switches fast, 
but we pay with a high Voga7T: 


Where Large-Signal FETs Are Found 239 


VRail 


Ri 


Figure 10.1 A "FETlington" consisting of an enhancement-mode 
DMOSFET driving a power bipolar transistor in cascade. 
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Figure 10.2 Switching performance and saturation characteristics 
of the FETlington are dependent upon base drive, which, in 
turn, is dependent upon Rpg and Rpr- 
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In this application both the DMOSFET and the bipolar tran- 
sistor must be rated to withstand the full voltage. 

The combination of a high Vsar and a high collector current 
causes excessive heat buildup in the bipolar transistor. If 
adequate heatsinking is not available, thermal runaway may 
destroy the transistor. 

A combination such as shown in Figure 10.1 might find use 
in high-voltage, high-current, applications, where if the power 
DMOSFET were used alone, its resistance would be a distinct 
disadvantage (see Figure 1.21). The power DMOSFET, acting 
aione, emulating the Darlington concept (a high gate resistance 
and high gain), would be no match for the FETlington in such 
applications. 

The IGBT, with the MOSFET gate/bipolar transistor output, 
closely emulates the FETlington pair. 


10.3 Paralleling the Power Bipolar Transistor and DMOSFET 


Conceptually easy, paralleling the power bipolar transistor with 
a like-voltage-rated power DMOSFET, as shown in Figure 10.3, 
offers an opportunity to split the performance responsibilities 
between the two, using each to its advantage. The DMOSFET 
supplies fast switching; for power bipolar transistor, heavy 
current handling with a low Vgay. The secret to success is in 
how we drive the pair. 


Figure 10.3 Parallel DMOSFET and power bipolar transistor 
splits performance responsibilities using each to its advantage. 
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Figure 10.4 Resulting wave shape of the parallel DMOSFET /bi- 
polar transistor. Note that the DMOSFET takes the brunt of 
the switching energy, especially during the storage-time delay 
(t) of the bipolar transistor, whereas the bipolar conducts the 
majority of the load current. 


To drive the DMOSFET, we need a gate-source voltage suf- 
ficient for full turn-ON, perhaps +15 V for an n-channel. For 
the bipolar transistor, a current source sufficient to achieve 
saturation is necessary. Timing is critical, as we see from 
Figure 10.4. We drive both ON together; the DMOSFET will 
respond faster than the bipolar transistor. At the initial turn- 
ON, the DMOSFET takes the full load. Soon the bipolar transis- 
tor is into saturation, and with a Vgary less than that of the 
DMOSFET, the work formerly carried by the DMOSFET transfers 
to the bipolar transistor. Turn-OFF is more complicated. The 
bipolar transistor must be deactivated first, followed by the 
DMOSFET, but not just at “any old time.” We turn the DMOSFET 
OFF when the storage time of the bipolar transistor has sub- 
sided. Properly synchronized, the DMOSFET handles the load 
only while the bipolar transistor is turning ON and as the bi- 
polar undergoes its slow turn-OFF. The resulting waveshape is 
Shown in Figure 10.4. Although the IGBT can handle the cur- 


242 Chapter 10 


rent, it exhibits the bipolar transistor's storage time, so the 
resulting waveshape can never be rectangular. 


10.4 Emitter Switching with DMOSFETs 


High-voltage, high-current power DMOSFETs are either non- 
existent or expensive simply because, as we have seen, the 
'Ds(on) rises faster than the breakdown voltage (see Eq. 4.5), 
thus mandating a large geometry to achieve a low ON resistance. 
As a potentially viable alternative, take a high-voltage power 
bipolar transistor suitable for withstanding the expected high 
voltage and a low-voltage, low rng(on) Power DMOSFET and 
connect them as shown in Figure 10.5. The DMOSFET performs 
as a simple switch. Note the advantages. The power DMOSFET 
operates with a low drain voltage—always less than the bipolar 
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Re 
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Figure 10.5 Cascading a DMOSFET with a power bipolar tran- 
sistor. Commonly called Emitter Switching. To turn the combin- 
ation ON, base current and a positive gate voltage must be main- 
tained. Using a Baker clamp (the diode array on the bipolar's 
base connection) allows the bipolar to be used to its full Vogo 
rating. 
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transistor's base voltage. As a consequence, the DMOSFET can 
have a very low rpsg(on) 45 well as a low breakdown voltage 
specification and not be overly expensive. Even though the bi- 
polar transistor may be driven into saturation (but in Figure 
10.5 saturation is prohibited by the addition of a Baker clamp), 
once the DMOSFET has turned OFF, no emitter current can 
flow; the bipolar is OFF. What collector current was flowing 

is diverted into the bipolar’s base and is shunted through the 
zener diode to ground. Both the storage time and any possibil- 
ity of second breakdown are greatly reduced. 

This combination can outperform any 1000 V DMOSFET as well 
as the IGBT, which is known for handling high voltages and 
high currents at low saturation levels (see Figure 1.21). Fur- 
thermore the emitter switcher can switch OFF more swiftly than 
an IGBT! 


10.5 Power DMOSFETs as Synchronous 
Rectifiers 


Because of an insatiable desire to maximize efficiency, we have 
seen the switch-mode power supply capture the power supply 
market. Power DMOSFETs, with their fast switching capability, 
not only have contributed to making this switch-mode power 
supply efficient but have contributed also to the switcher's near 
dominance in the market. Yet, for the greater part, within the 
workings of this same highly efficient power converter, the same 
pn junction rectifiers continue to waste power needlessly. Many 
low-voltage switchers have further improved their performance 
by replacing these pn junction rectifiers with Schottky barrier 
rectifiers; but for power supplies much above 75 V, because 

of the voltage limitation of the Schottky, the p-n diode rectifier 
remains. 

As the manufacturing costs of ultralow-ON-resistance power 
DMOSFETs drop, we shal! see even higher efficiency switch- 
mode power supplies using DMOSFET as synchronous rectifiers. 

Power DMOSFETs are capable of passing current in either 
direction provided certain constraints are taken into considera- 
tion. The principal constraint is that the parasitic drain-source 
diode (Figure 4.6b) must remain OFF. That simply means that 
the IR drop (IpRps(on)) must be less than the barrier potential 
of the parasitic diode (approximately 0.55 V at 25°C). 
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Although we have power DMOSFETs with data sheet values 
for 'DS(on) 8Pproaching but a few milliohms, we must remember 
that as the chip temperature rises, so does the resistance. The 
higher the breakdown voltage, the greater the effect (Figure 
9.15). Furthermore, as the temperature rises, the p-n diode 
barrier potential decreases! In other words, as the temperature 
rises, the advantages of the power DMOSFET and the disad- 
vantages of the p-n diode converge! Conversely, as the tem- 
perature drops, the advantage of using power DMOSFET becomes 
more apparent, not only because the diode's barrier potential 
is rising but because the power DMOSFET's ON resistance is 
dropping, forcing the Vsay (The voltage "across" the parasitic 
diode) down. Furthermore, we need to be reminded that the 
p-n diode under discussion is not only the rectifier we seek to 
replace but is also the parasitic diode that exists in the power 
DMOSFET! 

Our problem with diode rectifiers is the power lost in rec- 
tification, I,mqgVpi- If we are pulling 10 A from our switcher 
and the diodes drop 0.55 V, our loss is 5.5 W! The power 
DMOSFET also has power loss, lame MOSton)e and if our ON 
resistance is 0.018 2, this loss equates to 1.8 W. Looking at 
these losses from a slightly different (and simplistic) perspec- 
tive, we might have a power supply outputting 3 V. If the 
diode drop is a nominal 0.55 V, we would need a supply capable 
of delivering 3.55 V to the rectifiers. Rather poor efficiency! 
Using the DMOSFET, with an ?ns(on) of 0.018 2, our drop would 
be only 0.18 V! 

We need to find out when it pays to use power DMOSFETs as 
synchronous rectifiers in lieu of either p-n or Schottky barrier 
diodes. Many questions are involved: What output current do 
we need? Can we afford the low rng on) Power DMOSFETs 
needed to handle this current? What is our operating tempera- 
ture (and transistor junction temperature)? Are we willing to 
add the complex DMOSFET gate-driving circuitry to our already 
complex switch-mode power supply? 

We can gain a better perspective of how performance deter- 
mines choice by examining Figure 10.6, where, for an unrealistic 
operating junction temperature of 25°C (for both the Schottky 
barrier diode and the power DMOSFET), the graph indicates the 
more suitable rectifier. Clearly, the DMOSFET limit is a func- 
tion of the bulk resistance of the epitaxy that also determines 
its breakdown voltage characteristic (Eq. 4.5). For silicon, the 
bulk resistance/breakdown voltage barrier is shown in Figure 10.7. 
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Figure 10.6 Comparing the efficiency between the Schottky 
barrier diode and the power DMOSFET (only for T; = 25°C). If 
Psaved is positive, the DMOSFET is the preferred device; if 


Poaved 18 negative, the Schottky diode is the preferred device. 


Aside from the power savings claimed from using power 
DMOSFETs as synchronous rectifiers, we must address the con- 
cept of synchronicity. To achieve the equivalent of rectification 
without using rectifiers requires some rather exotic gate drive. 

Power DMOSFETs conduct equally well in either direction: 
in the normal direction, when the gate bias enhances a channel; 
in the reverse direction, through the parasitic diode that bridges 
the DMOSFET or, if the gate bias remains, through the enhanced 
channel—provided the Voary is less than the V)j of this para- 
sitic diode. It is by the latter means that we address the syn- 
chronous rectifier; we tied the sources of our n-channel, en- 
hancement-mode DMOSFETs to the raw a-c, and from the drains 
we proceed to filter the "rectified" d-c, as we see in Figure 
10.8. Gate drive must act in synchronism with the positive- 
going wave of the raw a-c impressed on the DMOSFET sources. 
If we miss synchronism, the parasitic diode becomes the rectifier 
and any advantage gained by using DMOSFETs vanishes. This 
needed synchronism may be more readily available in a switch- 
mode power supply than in the more conventional Hnear supply. 
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Figure 10.7 The theoretical limit of silicon MOSFET performance, 
showing the present limit achieved (1987). Note that below 160 
V the chip area no longer follows the theoretical limit. This is 
partially caused by the need for increasingly larger bonding 
pads (to handle the higher currents) and surface conductor 
widths to handle the current densities. | 


10.6 Power DMOSFETs in Linear High- 
Frequency Amplifiers 


Unlike the lateral DMOSFET (see Figure 1.18), the V-groove 
DMOSFET (see Figure 1.17), because of its construction, exhibits 
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a very low gate-drain capacitance and, therefore, a very low 
Miller capacitance. Because of the lower Miller capacitance, 
the V-groove DMOSFET (VMOS) is generally preferred in high- 
frequency amplifier design. Regardless of whether VMOS or 
DMOSFET is our choice, to achieve a linear response we must 
guard against any capacitive reactance modulation caused by 4 
varying (sinusoidal or modulated) drain voltage acting on the 
drain-source capacitance (see Figure 4.19). As we raise the 
operating voltages, the parasitic capacitances eventually reach 
an asymptotic state, where any further increase in voltage re- 
sults in an insignificant change in capacity. To ensure linear 
performance, we must not operate below this voltage level. 
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Figure 10.9 Back-to-back DMOSFETs are necessary to enable 
current control in both directions. 


10.7 DMOSFETs as Analog Switches 


From earlier study we know that the power DMOSFET conducts 
in either direction: source-to-drain through the diode, or 
drain-to-source through the enhanced channel. If we were to 
implement the DMOSFET as an analog switch, to ensure an ef- 
fective OFF state we must prevent conduction through the 
parasitic diode. The simplest scheme is to use a pair of 
DMOSFETs in series back to back, as shown in Figure 10.9. 
Such a scheme is quite effective, and high voltages and high 
power levels can be effectively controlled. Yet there is an im- 
portant precaution that all too often is forgotten: the maximum 
gate-to-source voltage specification. If the peak analog voltage 
exceeds Vc BR)GSS> the DMOSFETs are lost. To avoid the 
catastrophe, remember to float the gate drive. A simple circuit _ 
is offered in Figure 10.10. 


10.8 OMOSFETs in H-Bridge Motor Drives 


Considerable effort has been and is being expended:in develop- 
ing pulse-width modulation (PWM) motor drives using DMOSFETs. 
Depending on the circumstances surrounding the design, the 
parasitic drain-source diode's recovery characteristic has, at 
times, inhibited total success. The basic H-bridge motor drive, 
shown in Figure 10.11, operates by the successive turn-ON of 
diagonal pairs of DMOSFETs, 1 with 4, 2 with 3, which alter- 
nately switch the current flow through the motor winding.When 
the conducting diagonal pair of DMOSFETs are switched OFF 
(for example, 1 and 4) the resulting flyback current is clamped 
by the parasitic diodes of the alternate diagonal DMOSFET pair 
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Figure 10.10 Floating gate drive for DMOSFET when the source- 
to-ground voltage is greater than the gate-to-source breakdown 
voltage. Diode Di provides the gate bias; D2 biases Q1 OFF; 
Tl may be iron core (for low-frequency coupling) or air core 
(for high-frequency coupling). 
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Figure 10.11 Rudimentary DMOSFET H-bridge motor drive 
showing alternating current flow. Note that the parasitic drain- 
source diodes also perform as clamping diodes during operation. 
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(Z and 3). Because of the diode's finite reverse recovery time, 
if the formerly conducting DMOSFETs are reactivated before full 
recovery (as might happen when under the control of torque- 
controlling PWM drives), damaging shoot-through currents as 
well as damaging slew rates (dV/dt) may result. 

An alternative to the quadripolar DMOSFETs would be to re- 
place the upper two (1 and 3} with p-channel IGBTs, leaving 
the lower n-channel DMOSFETs under the control of the PWM 
and having the IGBTs control the direction of the motor by their 
alternate switching. Without the troublesome parasitic diode, the 
IGBT inhibits shoot-through as well as the potentially damaging 
dv/dt to the DMOSFETs. . 


10.9 The Static-Induction Transistor 


Although the SIT was developed as early as 1960, the principal 
source of this transistor in Japan is Tohoku Metal Industries 

Co., Ltd. Using the trade name Tokin, the manufacturers have 
not only successfully introduced several devices of rather massive 
power-handling capability (see Figure 7.10), but also have de- 
veloped a series of novel switching and linear applications. Be- 
cause of its ability to perform at high power levels as well as at 
high frequencies—even into the low microwave region—the SIT 
may gain a foothold as Western manufacturers tool up for pro- 
duction. 


10.10 A Preview of "Smart" Power 


As we wind down this introduction to FET technology, we need 
to be aware of the opportunities for integrating small-signal 
FETs with large-signal, or power FETs. CMOS and DMOS tran- 
Sistors and DMOSFETs are already found together on a chip. 
JFETs are commonly found together with bipolar transistors in 
FET-input operational amplifiers. Perhaps the greatest challenge 
to manufacturers will be partitioning—that is, the ability to find 
the common denominator among many diverse applications. Once 
such an entity has been found, we can either build on it (mono- 
lithic integration) or surround it (hybrid fashion) to create new 
applications. 
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Symbol! Index 


For capacity 
Cisg, 50, 89-94 
Coss, 50, 94-98 
Crsg, 50, 98-101 
For charge 
Q, 52, 107 
Qe(th)» 52, 108 
Qe(on)? 52, 108 
Qgm(on)> 53, 108 
For current 
IA(R)> 46, 68-69 
In, 46, 71-72 
In (off): 47, 72-74 
In(on): a7, 
Insg, 43-44. 47, 75-76 
Ipm, 47, 74-75 
Ig, 47, 76 
Iqss, 48, 76-78 
Ig, 48, 78 
For dynamic characteristics 
Ers, 49, 83-89 
Eos, 90, 88-89 
avidt (see dV/dt in 
Subject Index) 
For noise 


en: 53 


(For noise] 
NF, 55 
Ry, 54 
For resistance (including 
Thermal) 
rps(on)> 48, 82 
Rys(on) 48, 79, 81 
Rtnic (Rogc), 48, 82 
Rtncs (Rocg)> 49, 83 
RtnJA (Roya), 49, 83 
For switching 
tacoff): 51, 105 
tacon) 51, 101-102 
te, 51, 105 
tp, 51, 102 
trr, 106 
For voltage 


Ve BR)DSS: 45, 62-64, 112- 
116 


V(BR)GSS: 45, 64, 116 


Vos(f): 45, 65-66, 117-118 
VGes(off)> 45-46, 66-67, 118 


Vc(GsS)th, 46, 67-68 
Vp» 46, 68-69 


index 


Abrupt junction, 90-91 
Absolute maximum ratings, 
72, 151-152 
Acceptor, 3 
Accumulate 
charge, 9-10 
electrons, 10 
Active area, bonding over, 
36, 82 
Admittance 
high-frequency, 224 
SIT output, 38 
Amplification 
audio, class B, 222 
preamp, 220 
class A, 198, 213 
eryogenic, 229 
factor for SIT, 38, 86 
high frequency, 246-247 
gain of, 220 
JFET, common-gate, 222, 
224 
basics of, 204 


JFET, common-source, 205, 


223-224 
basics of, 202-203 


[Amplification] 


JFET, as linear, 220 

JFET, source follower, 199, 
201 

operational, 205 

video, 225 

voltage, equation for, 139 


Anisotropic etch, 18 
Anode, 3 
Area 


active, 35, 82 

capacitor plate, 100 

die yield, 37 

proportional to resistance, 
135 


Avalanche 


breakdown, MOSFET, 14 
current, DMOSFETs, 70, 
126 


Asymmetrical 


JFET topology, 98 


\ 


Baker clamp, 242 
Bandwidth, 141, 174 
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Barrier 
gate oxide, 176 
potential energy, 4-5 
Base-emitter resistance, 238 
Bias 
amplifier, JFET 
back, MOS body effect, 208 
constant current, 199 
constant voltage, 199 
for JFETs, 201 
forward, 4 
JFET, 5 
JFET affects parameters, 
134 
MOSFET, 30 
gate 
reverse, 4-5 
reverse MOSFET, Ili 
reverse JFET, 5, 26 
self, 199 
source follower, 201 
switch, 206-207 
Bidirectional, 187 
Bipolar transistor 
parallel with DMOSFET, 
240-242 
parasitic, 20 
Body 
diffusion, 186 
Bonding over active area, 
36 
Breakdown 
avalanche, how achieved, 
62 
gate-source, 64 
channel, 112 
dielectric, 29 
drain-gate, JFET, (see 
also Voltage, breakdown), 
65, 112 
effect of gate bias on, 
113-114 
reverse, 62 
voltage scenarios, 190 


Index 


[Breakdown] 
IGBT, 39 


Breakpoint 


gate current, JFET, 76 
Breakdown (see also Voltage, 
breakdown) 
punchthrough (see Punch- 
through) 
premature, V-MOS, 18 
voltage 
DMOS, 116 
IGBT, 63-64, 116 
JFET, 64, 112 
MOS, 114 
SIT, 63, 114-115 
Bridge (see also Substrate) 
H (for motor control), 193, 
248 
source to drain, 10 
source to body, 178 
Bulk resistance (see Resist- 
ance) 


Capacitance 
active versus parasitic, 96 
affected by JFET bias, 134 
effects 
of channel conductance, 
180 
of depletion fields, 95 
of gate bias on, 93 
of SIT bias, 95 
of MOS gate voltage, 92 
feedback, 98, 224 
dual gate MOSFET, 32 
MOSFET (single gate), 34 
99-100 
SIT, 97 
gate overlap, 32 
gate-drain, 91, 93, 178 
gate-source, 91-92, 178 
gate-substrate, 92 


Index 


[Capacitance] 
input 
defined 50, 89-94 
DMOS gate voltage, 93 
effects of, 140-141 
parameter interaction, 140 
interelectrode, DMOSFET, 
94 
Miller, (see also Miller 
capacitance), 227 
effect on switching, 192 
output 
defined, 50, 141 
DMOSFET, 96-97 
IGBT, 98 
parameters, 192 
parasitic, 14, 95 
DMOSFET, 97, 247 
reverse transfer, 98, 192 
defined, 50 
charge injection, 141-143 
MOS switch, 100 
Capacitor, MOS, 6-8 
charging, 91 
electrical analog, 9 
equation, $1 
gate, 29, 32 
output 
equation, 96 
parameter interaction, 141 
overlap, 32 
plate area, 100 
Carrier(s), 3 
concentration, 4, 32 
current saturation, 69 
freezout, 229 
injected into substrate, 113 
light-created, 231 
majority, 11, 25 
minority, 25, 107 
velocity, 69 
Case temperature, 151 
Cathode, 3 
Cell density, 35 
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[Cell density} 
to improve current, 36, 136 
Channel 
breakdown (see also Ava- 
lanche), 112 
conducting, 10-11 
degeneration of SIT, 37 
depletion by reverse bias, 
6, ll 
diffused, 31 
dimensions affect perform- 
ance of JFET, 120-121 
length, 12-13 
comapred to width of JFET, 


27 

long, 32, 36 

MOS, characteristics of, 13, 
34 

power DMOSFET, 35 

short 


benefits of, 13 
JFET, 69, 91 
thin, 35 
Characteristics 
output, 29-30 
versus gate-source cutoff 
voltage, 196 
transfer 
JFET, 7 
compared to bipolar tran- 
sistor, 220 
versus gate-source cutoff 
voltage, 196 
MOSFET, 7-8 
Charge(s), 145-146 
coupled, 143, 214, 216 
IGBT, 217 
current equation, 102 
defined, 52-53, 107-108 
distributed on capacitor, 6 
effect of, 145-146 
equal and opposite (MOS), & 
equations, 52, 146, 192 
equivalent circuit, 54 
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{Charge(s)] 
flow of, 52 
gate, 9-10, 103, 106 
gate threshold, 52, 108 — 
injection, DMOS, 103, 106, 
234 
JEDEC recommendations, 
93 
minority, 107 
ON-state, 52-53, 146 
parameters, 192 
potential, 10 
quantified, 143 
resistance, effect on, 138 
space, 26, 90 
transfer, 173, 225 
capacitance, reverse, 141 
trapped electron, 77, 91 
Classification of FETs, 2 
CMOS, 11 
applications, 232-233 
CMRR (see Common-mode 
rejection ratio) 
Collector, IGBT, 40 
Common drain (see Amplifier, 
also see Source follower) 
Common gate, 199 
Common source (see Ampli- 
fier) 
Common mode rejection, 199 
Complementary (see CMOS) 
Complex power functions, 
161-162 
Conductance 
channel, JFET, 5, 26 
channe!, SIT, 17 
incremental, 28 
effect on capacity, 178 
MOSFET below pinchoff, 
209 
Output, 139 
defined, 88 
equation, 50 
JFET, 126 


Index 


[Conductance] 
regulators, 227 
SIT, 181 
Conduction 
area under oxide, 100 
current, 5 
parasitic npn, 70 
power loss, 128 
“ properties of MOSFETs, 31 
Contamination, MOSFETs, 68, 
77 
Common-mode rejection ratio, 
226 
Crowbar, 39, 216-217 
Cryogenic, 229, 231 
Current (see also Symbols) 
avalanche, 46, 69, 126, 192 
base, 195 
channel, 5 
charging equations (see also 
Charge), 102 
collector, 186 
compared, 23 
conduction, 5 
constant, regulator, 227 
cutoff, 178 
density, 23, 41 
drain, 46, 71 
cutoff, JFETs,. 47, 71, 128 
DMOS, 71, 74, 127 
equation, 46, 121-123, 196, 
210 
of power, temperature and 
resistance, 138 
equilibrium of, 26 
flow in SIT, 38 
gate, 5, 208, 216, 226 
gate, operating, 47, 76, 


175 
gate, reverse, 132 
JFET, 126 


leakage, 44, 73, 131, 178 
leakage, gate-source, 73 
leakage, Shockley diode, 7 
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[Current] 

MOS, 30 
ON-state, 47 
pulsed (see also Pinch 
resistance), 47, 74, 128- 
129, 187-188 
quiescent, 199 
reverse (see Current, 
source) 
saturation, 16, 27, 43-44, 
73, 153, 178 
(see also JFET, parasitic) 
zero bias, 47, 75 
zero-bias JFET, 127, 130 
zero-bias MOSFET, 30, 
130 
zero-bias SIT, 131 
zero drift, JFET, 127 

gate, 47-48, 76-77, 131, 
175 

noise, 175 

OFF, 128, 178 

ON-state, 47, 178 

pulsed, 35 

regulator, 201, 227 

source, 48, 73, 78, 132 
DMOSFET slew rate 
determines reverse-re- 
covery time, 132-133 

zero-bias (see also Current, 
drain leakage) 

Cutoff 

affected by diffusion, 67, 
168-169 

gate, 27, 45 


Darlington, 238 
Data Sheet, 163 
2N 4391-93 switching JFET, 
165, 169, 171 
2N 4867-69 amplifier JFET, 
166 
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[Data Sheet] 
curves, 187, 200 
2N5564-66 dual JFET, 167 
J111-113 switching JFET 
2SK182 SIT, 182 
IRF350-53 DMOSFET, 184- 
185 
Defect density, 36 


_ Degeneration, 14 


Delay time (see Switching) 
Depletion 
field, spread of, 6, 34 
affected by drain voltage, 
26-27 
layer curvature, 63 
region, 3-5, 8, 10 
width, 4 
Depletion-mode MOSFET, 10, 
30, 66 
operating in enhancement 
region, 11 
Derating, 151, 154-155, 173 
Detector, photosensitive, 231 
Die, JFET, 171 
Dielectric 
breakdown, 29 
medium, 178 
silicon dioxide, MOSFET, 
9 
Differential voltage, 57 
gain, 205 
Diffusion, 168 
body, p-well, 186 
contouring affects minority 
earriers, 107 
curvature, effect on, 64 
cutoff, effect of, 67 
double, 11-12, 33 
drain, 99 
gate 
; alignment, 98 
JFET, 8, 120, 125, 168 
offset, 64, 67 
isolation, 235 
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Digital circuits, 
JFET, 231 
TTL, 207 
Diode 
abrupt junction, 90-91 
body-drain, 48, 187 
parasitic, 192, 244 
clamp, 187 
constant current, 206 
low leakage, 231 
pn junction, 2, 4 
Dissipation (see also Resist- 
ance, thermal, see also 
Symbol Index), 171 
chip area, relative to, 36 
device, 151 
drain current, 71 
exceeding, 46, 72 
power, 117, 127-130, 152- 
156 
thermal resistance, 138 
Distortion in JFETs, 219-220 
resistance modulation, 179, 
181, 232 
Distribution 
parameter, 169 
statistical, 170 
DMOS, smal) signal 
cross-sectional view, 13 
drain current (see also 
Current, drain), 127 
physical differences, 12 
DMOSFET, 11, 33 
avalanche breakdown (see 
also Avalanche and 
Breakdown), 62 
cell density (see also 
Resistance), 81 
charge, 103 
current, 138 
avalanche, 70, 126 
drain, 71, 127 
equivalent circuit, 129 
large signal, 34 


Index 


[DMOSFET] 
parameter interaction, 136 
small signal, 33 

Donor, 3 

Dopant, 3-5, 9, 12 

Doping density, MOS sub- 

strate, 33 

Drain current (see Current) 

contact, 18 


leakage, 74 

JFET, 5 

output at saturation, 189 
Drift, 168 


coefficient for JFET, 127 
dual JFET, i75 
drain region, 39 
region, 15 
Drive 
gate, trapezoidal, 215 
motor, H-bridge, 193, 249 
Dual JFET, 57 ; 
avidt, 56, 126, 146 
Dynamic characteristics (see 
specific characteristic, see 
also Symbol Index) 


Electronic Industries Associa- 
tion, 45 
Electron, 3 
drifting in channel, 69 
Electrostatic 
charges, 177 
affect cutoff voltage, 66 
discharge (ESD), 208 
voltage, effect of, 176 
Emitter, 40 
switching, 242-243 
Emitter-coupled logic, 233 
Enhancement-mode, 1, 10, 32, 
75, 130-131, 195 
Epitexy 
drift region, 34 


Index 


(Epitaxy) 
growth, 13 
IGBT breakdown, 40 | 
resistivity, 34 a, oe 
Equations 
drain current MOSFETs, | 
209-210 
for JFETs, 196-198 
gain, common-mode, 205-206 
transconductance, 210 
Equilibrium, zero femperatute 
coefficient, 191 
Equivalent circuit 
DMOSFET, 129 
IGBT, 40 
Eutectic bond, 82, 118 


Failure mode, DMOSFET, 70- 
ee 
Family tree, 2 
Feedback, degenerate, 228 
Fermi level, 3 
FETlington, 238-240 
FET (see specific topic) 
Field, 
depletion, drain, 34 
distribution in SIT, 115 
electric, manipulation of, 
25, 91 
lines, 114 
limiting rings, 63 
plate, 63 
Figure of merit, 16, 34, 140 
Flicker noise (see also Noise), 
54 
Flyback current, 248 
Frequency response of FET- 
input op-amp, 226 


Gain 
bandwidth, 220, 224 
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{Gain} 
cascade FET op-amp, 227 
equation, 142 
transconductance, 49, 139 
voltage, 181, 205 
Gate 
alignment, 99 
bias, effect on JFET (see 
also Bias), 5, 26, 80 
breakdown, 64 
control of IGBT (see also 
IGBT), 39 
current, operating (see also 
Current, gate), 76, 131, 
175 
cutoff voltage, effect on 
switching, 105 
deposited metal, 15 
diffused, 8 
dual, 32, 244 
epitaxial back, 98 
length SIT, 115 
MSOFET, 8, 226 
alignment, 99 
constraints, 30 
metal, 15 
overlap, 32, 100 
oxide insulation, 11, 29, 177 
poalrity (see also Bias), 10, 
130 
polysilicon, 15 
potential (see also Bias), 10 
resistance, JFET (see also 
Resistance), 224 
reverse current (see aiso 
Current), 132 
rupture, 29 
(see also Breakdown, and 
Electrostatics) 
threshold, 52 
top, 98 
turn-OFF thyristor, 23 
voltage, differential, ‘57 
General Electric Company, 21 
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Geometry 
cell density, 20, 81 
efficiency comparisons; 21, 
83 
parameter interactions, “T36 
resistance effécts of, ‘134 
size versus current, ue 
thermal resistance,” 136 ° 
vertical MOSFET,’ ‘20 vara 
Glitch, 232 | oe 
Glossary (see symbél Index) 
Gold eutectic, 117 | 
Group delay, JFET, 224" : 
GTO, 24 


Halt-Shoeckley-Reed (HSR), 
74 
H-bridge, 193, 248 
Heatsink, 150, 248 
size, 156-157 
temperature, 154 | 
HTRB, 157 9 
High frequency, 15 
Applications, JFETs, 222 
Holes, 3 
Hybrid assembly, 234 
Hygroscopic, 177 © 


IGBT (see Insulated ‘gate 
bipolar transistor) 
Impedance... 
drain, JFET, 224 
generator (see also Resist- 
ance), 175 
thermal, transient, 159, 
188 | 
Inductive load, unclamped, 
70 
Input resistance, JFET (see 
also Resistance), 131 


Index 


Insulated gate bipolar transis- 
tor, 21, 39-41, 237 
breakdown voltage, 63, 116 
compared to: bipolar, 21 
compared to DMOSFET, 22 
erdss section, 22 ° | 
equivalent circuit, 40 
physical differences, 21 
powering up, 216 
storage time, 105 
transconductance, 88 
Integrated circuits, 234 
Intercept point, 221 
Intermodulation, 221 
Inversion, 10, 31 
Inverter, TTL-driven, 233 
Irradiation 
to reduce minority carriers, 
107 
Isolation, JFET, 71-72, 232 


Japanese, 18, 20, 237 
JEDEC (see also Charge), 33, 
45, 164 
JFET, 1, 4-5 
amplifier, 164, 168, 219 
avalanche breakdown (see 
also Breakdown), 62 
channel length, 28 
cross section, 120 
cutoff voltage, 65 
cylindrical , 16 
differential, 164 
dual, 173, 175-176 
gate current, 47 
operation, 26, 28 
pinch . resistor, 186 
parameter relationships, 26 
problems, 15. | 
pseudo, as parasitic, 35 
resistance, 134-135 
sealing equations, 121 


Index 


{JFET ] 
switching (see also Switch- 
ing), 164, 168, 170 
thermal characteristics 
(see also Resistance, 
thermal), 152-153 
Junction 
forward biased, 7 
potential, 4 
temperature (see also Tem- 
perature, and Resistance, 
thermal), 150 


K factor, 155 


Latching, IGBT, 39 
Lateral power MOSFETs, 19 
Leakage current, 73, 79, 131 
Level shifter, 207 
Load 

inductive, 70 

line, 86, 198, 212-213 
Logic 

compatibility, 190 

drives, 232 

gates, 207 

states for switching, 210 
Long-tailed pair, 205 


Majority carriers (see also 
Carriers), 25 
Mask 
self-aligning, 32 
technology, 33 
Mass, thermal (see also Re- , 
sistance, thermal), 160°’ 
Match, dual JFET, 57 
MCT, 24 
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Mesoplasma, creation of, 126 
Microwave, SIT, 17 
Miller capacitance, 89, 140, 
216, 227 
equation, 91 
equivatent input, 103-104 
gain bandwidth, 139, 142 
gate drive, 216 
switching time, 102, 141 
voltage dependent, 117 
MIL-STD-750C, 183 
Minority carriers (see Car- 
riers; see also Charge) 
Misalignment 
gate, 32 
mask, 169 
Mixer, 220-221 
Mode 
depletion (see Depletion- 
mode) 
enhancement (see Enhance- 
ment-mode) 
Modulation, resistance, 179, 232 
(see also Distortion) 
Monolithic, 11 
dual JFET, 176 
integration, 233 
MOSFET, 91 
breakdown voltage (see also 
Breakdown), 114 
capacitance (see Capacitance) 
current dependency, 123 
cutoff voitage, 66 
depletion-mode, 10-11, 30 
design, 7 
double-diffused, 11, 33 
drain current equation (see 
also Current, drain), 122- 
123 
dual gate, 32, 224 
enhancement-mode (see also 
Enhancement), 32 
gate, 226 
parameter interaction, 135 


[MOSFET] 
performance, 7, 29 - 
resistance, 135-136: - «: 
transconductance equation ; 
123 
MOSFETS, power (see aiebe 
DMOSFETs);, 17-18, “34 
V-groove, 18-19  ~— 
MUCHFET, 17 
Multiplexers (see Switches, 
analog) — 


n-region, 3 
Negative temperature coef- 
ficient, 152 | 
Neutralization, JFET (see also 
Stability), 222 
Nishizawa, 17 
Noise (see also Symbol Index) 
characteristics of: aRETS: 
53-56 
current, 175 — 
equivalent eneu 
figure i 
conversion to ey 87 
equation, 55 : 
high-frequency, 222 
flicker (1/f),.54, 175,.225 
equation, 54 | 
specification, 173 
voltage, 53 
Nonlinear, 34 


54-55 


OFF (see Current) . 
Ohm's law, 186 
related to SOA, 136. ._ 
ON resistance (see algo e 
Symbol Index) ,. = 
Breakdown, function cE. 81 
JFET, 79 


{ON resistance] 


MOSFET, 79 
Operational amplifier , FET 
input, 205, 226 -.:,-:: 
Oscillation, destructive, 72 
Output 
capacitance (see Capaci- 
tance) 
characteristics, 
JFET, 28 
SIT, 211 
conductance voltage gain, 
139 


Oxide, gate, 11 


Parameters, 61-109 
data sheet (see Data sheet) 
interaction (refer to specific 
parameter) 
_matching of JFET, 57 
variations, JFETs, 196 
Periphery, active, 72 
Photofet (see Detector, Bupa 
sensitive) ; 
Photolithographic 
limitations, 11. Ps 
JFET dimensions, 120 
Pinch effect a 
cross section examination, 
35 | | 
equivalent circuit, 129 
Pinch-off (see also Symbol 
Index) 
defined, 27-28 
voltage, 124 
(see also Voltage) 
Poisson's equation, 4, 90 
Polarity 
dual, 187 
Potential 
barrier, 3, 38, 243 
junction, 4 
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Power Sis 


dissipation at 
conduction loss, 128.,,.; 
drain current oe 2 3:, 
- 127 
equation for, 117, “yee 
153, 156. , 
factor, switching losses, 
144 — 
function, complex, 161- , 
162 
law, 219 
loss equation, 117 
rating 
inconsistencies, 183 


of packages, 151, 153- 


154 
Probe, high frequency, 225 
Pseudo-gate, 35, 209 
Pulse rate, 188 
Punchthrough, 14-15 


"Q" point, 199, 212 


Rad hard (see Radiation 
hardening) 

Radiation hardening, 191 
Ragle, 18 - 
Recovery 

drain current effects, 134 

reverse, 52, 192 

snap, 132 
Rectifier, synchronous, 243 
Regenerative 

thermal effect, 149 
Regulator, current, 227 
Reliability 

gate, polysilicon, 15 

long-term, 150 
Resistance 

bulk, 149, 244 
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[Resistance] 
channel, 5 
. power MOS, 34 
JFET, 32, 135 
dynamic, 48, 82, 137 
drain-source, 48, 79, 134 
gate, 54, .131 
epitaxy, 34, 39 
gate, calculate value of, 47 
generator, 174, 181 
anput, 195, 220, 225 
JFET, ON, 122 
load, 181. 
modulation (see also Dis- 
tortion), 179 
ON, 14, 34, 48 
DMOSFET, 71, 79, 81, 136 
FETlington, 238, 135 
JFET, 79, 122, 134 
SIG, 81 
pinch, 186, 192 
source, 181 
thermal, 48-49 
electrical analog, 49 
junction-ambient, 49, 83, 
137-138 
junction-case, 48, 82, 
137) 
case- ‘sink, 49, 83, 137 
mass, 160° 
voltage-controlled (VCR), 26, 
196, 229 
Reverse recovery time (see | 
also Time), 106-107, 133, 
145 
Rise time (see Time) °° 


Safe-operating area, 127, 129, 
136, 188 | 
derived, 157-159 ‘"F. Gl 
Sample & hold, 141, 173, 225, 
Sampling, multiplexer, 234 
Saturation velocity, 28, 191 
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Schottky diode, 118 
SCR, 176 
IGBT latchup, 22 
Semiconductor, 26, 150 
Shockley's equation, 28, 73, 
84, 119-120, 122, 196, 
218, 219 
Shoot through, CMOS, 210 
Siemens, defined, 49 
Silicon dioxide, 8-9 
SIT (see Static induction 
transistor) 
Slew rate 
DMOS current, 132 
dV/dt, 54 
op-amp, FET input, 226 
Smart power, 250 
Snap recovery, 132-134 
Source 
current (see Current, 
source ) 
follower (see Amplification) 
JFETS, 5 
Space charge, 26 
Square-law, 87, 191, 219 
Stability, Linvill & Sterns, 
199 
Static induction transistor, 
15, 17-18, 37, 237 
amplification defined, 86, 
211-213 
breakdown voltage, 63, 115 
cutoff equation, 181 
parameter interaction, 135 
transconductanee defined, 
85 
Static 
drain current, 150 
resistance, channel, 48, 
150 
sensitive MOSFET, 29, 176 
Storage time, IGBT, 39 
Substrate 
bridge to source, 178 
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[Substrate] 
silicon, 9 
terminal, 30 
Switch 
analog, 233 
SPST, 206 
series connected, 207, 212 
solid state, 231 
Switching 
capacitance, variation of, 
101 
emitter, 242 
FETs comapred to bipolars, 
216 
time 
capacitance, effect of, 
101 
equations for, 140 
fall, 51, 105, 145 
reverse recovery (see Re- 
verse recovery time) 
rise, 51, 102, 144-145 
symbols defined (see also 
Symbol Index), 51 
turn ON delay, 51, 101, 


143-144 
turn OFF delay, 51, 105, 
145 
unclamped inductive, 69-70, 

192 

Symmetrical, JFET topology, 
98 

Synchronous rectifiers, 243, 
245 


Taylor series power expansion, 
220 
Temperature (see also Therm- 
al) 
case, 156, 171, 188 
chip, 33, 150, 191 
drift, 168, 176 
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{[Temperature] 
effects 
on current, 73 | 
on threshold, 124 a 
JFET, dependence on, 123 
junction, 150, 152. |. 
operating. range, 173 | 
sensitive parameter (TSP) 
(see also K-factor), 152 
threshold ‘effect, 191. | 
Temperature coefficient, 149 
derived, 126-127 
leakage current, 73. 
negative, 152 A 
zero,..175, 201 .. 
Terminated lines, 235 
Teszner, 17 
Thermal 
characteristics of dual 
JFET, 176 “ys 
derating, 151 
impedance transient, 158, 
162, 188 
ratings, 171 
relationships, 149° 
resistance’. 
dimensjons, 150- 151 
geometry effects, 136 
junction (see also 
Symbols) 


Re 


_, junction to ambient, 137 .. 


junction to case, 137 
runaway, 149 - 


threshold, effects on, 124. 


Thermocouple, 154 
Threshold, 14 
gate charge, 52 
voltage (see also Symbols), 
32, 46, 123, 179 
bias, effects of, 124 
defined, 67 
switching time, effects 
on, 105 
Time constant, 181 
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Time, 
fall, 51, 145 
reverse recovery, 52-53, 78, 
106, 133, 145, 192 
rise, 51, 144 
storage, IGBT, 39 
turn-ON delay, 51, 143 
turn-OFF delay, §I, 145 
Tirboelectric, 176. a 
Topology | | 
JFETs, 98-99 © 
MOSFETs ‘compared, 17%, 20- 
21, 83 
Transconductance, ‘14-16, 33 
defined, 83, 88 
equation, ‘123, 198 
ratio for dual JFETs, 57 
substrate, DMOS, 84 
voltage gain, 49, 139 
switching, 191 
velocity saturation, 33 
Transfer characteristics, 7, 
11-12, 71, 104 7 
Transistor ‘— 
analog, 17 
bipolar, 195, 216 
parasitic 19," 176 
cylindrical, 17 
static induetian’ ‘gee also 
Static induction transi- 
tor), 181,,. 211" 
Transit time, 15, 145 
Triode region, 196, (229 
TTL, 190 
Turn-ON (see Switching, 
time) 


UIS (see Switching, unclamped 
inductive) 
} 


V-groove MOSFET, 18-19 
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Velocity 

critical, 69 

saturation, 28, 214 
DMOS, 87 

Voltage (see also Symbols) 

amplification, 139 

barrier, 5 

Dreakdown, 34, 39, 45 
drain-gate, 65, 112 
drain-source, 112, 190 
gate-source, 116 
mechanism, 113, 244 
IGBT, 116 
SIT, 113 

controlled resistor (see 
also Resistance, voltage 
controlled), 26, 196, 
198, 229-230 
cutoff, 28, 66, 118-119, 
168, 178 
temperature dependence 
of, 123 
versus pinchoff, 69, 
124 

divider, 173 

forward, gate-source, 45, 
65, 117 

forward diode (TSP), 152, 
154 

gain of SIT, 181 

gain, Miller effect upon 
(see also Miller capaci- 
tance), 104, 139 

gate, 195 
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[Voltage] 

to substrate, 92 

noise equation (see also 
Noise), 54 

ON-state, drain-source, 
65, 117 . 

pinchoff, 27-28, 124-125 
correlated to current, 
169 
defined for JFET, 68 

saturation, 22, 188-189, 
215 

threshold, 32, 67, 178, 210 
on drain current, 123 
substrate bias, effects of, 
124, 179 


Wegner, 16 


Yield, 16-17 
cell density, 35 
defect density, 36 
die, net per wafer, 37 


Zero temperature coefficeint, 
119, 127, 175 

Zener diode, 29, 176, 208 

Zuleeg, 17 


